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ABSTRACT 
 
 
 
DNA damage induces mitotic exit delays through a process that requires the 
spindle assembly checkpoint (SAC), which blocks the metaphase to anaphase 
transition in the presence of unaligned chromosomes. Using time-lapse confocal 
microscopy in syncytial Drosophila embryos, we show that DNA damage leads to 
arrest during prometaphase and anaphase.  In addition, functional GFP fusions to the 
SAC components MAD2 and Mps1, and the SAC target Cdc20 relocalize to 
kinetochore through anaphase arrest, and a null mad2mutation blocks damage 
induced prometaphase and anaphase arrest.  We also show that the DNA damage 
signaling kinase Chk2 is required for damage induced metaphase and anaphase arrest, 
and that a functional GFP-Chk2 fusion localizes to kinetochores and centrosomes 
through mitosis.   In addition, in the absence of Chk2, we find that DNA damage 
sufficient to fragment centromere DNA does not delay mitotic exit.  We conclude that 
DNA damage signaling through Chk2 triggers Mad2-dependent delays in mitotic 
progression, both before or after the metaphase-anaphase transition.  
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CHAPTER I 
 
 
INTRODUCTION 
 
Cell division must be tightly regulated to protect genomic integrity. In 
response to DNA damage, conventional cell cycle checkpoints prevent cell cycle 
progression into S phase or mitosis, allowing time for repair or elimination by 
apoptosis. Defects of these checkpoints can result in developmental lethality or cancer 
progression.  In organisms from yeast to mammals, mitotic delays or death are 
frequently observed in G2-checkpoint-deficient cells following DNA damage.  This 
process, known as mitotic catastrophe, is poorly understood.  My thesis focuses on 
the mechanism of DNA damage-induced mitotic delays that are often associated with 
mitotic catastrophe. I will begin by reviewing cell cycle regulation in normal 
conditions and following DNA damage, and then describe my thesis research in 
understanding mitotic exit delays in response to DNA damage, using the syncytial 
Drosophila embryo as a model.   
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Mitosis 
After DNA replication and a pause in G2, cells enter into mitosis to generate 
two identical daughter cells. Mitosis begins with nuclear envelope break down and 
chromosomes condensation. Bi-polar mitotic spindles then form, and chromosomes 
align at the metaphase plate.  Spindle elongation and chromosomes separation mark 
the metaphase-anaphase transition (M-A transition).  Finally, chromosomes 
decondense and the nuclear envelope forms during telophase in a process known as 
mitotic exit.  Mitotic exit is followed by cytokinesis, which cleaves the cytoplasm to 
generate two cells. The Cdk1-cyclin B complex controls mitotic entry and exit (Pines, 
1995). A number of mitotic regulators are essential for the dynamics of mitotic 
spindle assembly, chromosome movement, and progression through mitosis. The 
opposing activities of the spindle assembly checkpoint (SAC) and anaphase 
promoting complex/cyclosome (APC/C) at metaphase-anaphase transition (M-A 
transition) play a critical role in accurate chromosome segregation (Musacchio and 
Salmon, 2007).  
 
Regulation of Cdk1/Cyclin B at entry into and exit from mitosis.  
Cdk1 is the major player in mitotic progression, since Cdk1 activation is 
required for mitotic entry, while Cdk1 inactivation is necessary for mitotic exit 
(Pines, 1995). The regulation of Cyclin B level is a central event controlling Cdk1 
activity.  Cyclin B is synthesized in S phase and its levels increase during G2, and 
Cyclin B binding is required for Cdk1 activity (Pines and Hunter, 1989). After Cyclin 
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B binding to Cdk1, the activity of Cdk1/Cylin B complex is regulated by a number of 
Cdk1 regulators including Wee1 kinase and Cdc25 phosphatase (Lew and Kornbluth, 
1996). Wee1 phosphorylates Cdk1 to inhibit the Cdk1-CyclinB complex and delay 
mitosis (Russell and Nurse, 1987). In contrast to Wee1 function, Cdc25 phosphatase 
activates Cdk1/Cyclin B complex by dephosphorylating Cdk1, which triggers entry 
into mitosis (Lundgren et al., 1991). When chromosomes are aligned at the metaphase 
plate, Cyclin B destruction starts to inactivate Cdk1 for mitotic exit (King et al., 
1995). 
In addition to temporal regulation, Cyclin B is also appears to be spatially 
regulated during mitosis. Initially, Cyclin B localizes in the cytoplasm during S and 
G2 phases, concentrates on spindles at prometaphase, and disappears after 
chromosomes alignment before anaphase initiation (Clute and Pines, 1999).  
Destruction of Cyclin B on the spindle and in the cytoplasm have been proposed to be 
differentially regulated (Huang and Raff, 1999).    
 
Regulation of the metaphase to anaphase transition 
Mitosis evenly distributes duplicated chromosomes to two daughter cells, and 
chromosome separation is tightly regulated by opposing activities of the spindle 
assembly checkpoint (SAC) and anaphase promoting complex (APC/C) (Musacchio 
and Salmon, 2007).  
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APC/C (anaphase promoting complex/cyclosome) 
The APC/C is an E3 ubiquitin ligase that promotes securin and Cyclin B 
degradation by the 26S proteosome on mitotic exit (King et al., 1995; Shirayama et 
al., 1999; Yu et al., 1996). APC/C is activated by interaction with Cdc20 (Lim et al., 
1998), which leads to Cyclin B and securin ubiquitination and destruction (Morgan, 
1999). Securin inhibits activation of separase, a protease that cleaves the cohesin 
complex, which holds sister chromatids together. Cohesin cleavage is therefore 
required for anaphase initiation (Uhlmann et al., 1999). Cyclin B degradation is 
required to inactivate Cdk1, leading to exit from mitosis (King et al., 1996). Non-
degradable Cyclin B expression leads to arrest at mid-anaphase, indicating that Cyclin 
B degradation is not required for chromosome segregation (Holloway et al., 1993; Su 
et al., 1998; Wolf et al., 2006)  
 
Spindle Assembly Checkpoint (SAC)  
The SAC monitors attachment and tension between kinetochores and 
microtubules. To ensure accurate chromosome separation, the active SAC negatively 
regulates Cdc20 to prevent APC/C activation and the metaphase-anaphase transition 
(M-A transition).  The SAC is inactivated when all chromosomes have become bi-
oriented on the metaphase plate, allowing APC/C activation, securin and Cyclin B 
destruction, and mitotic exit (Musacchio and Salmon, 2007) (Figure1). 
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The Kinetochore. 
  During prometaphase, all SAC components concentrate at kinetochores, and 
kinetochore localization disappears following chromosome alignment, before 
anaphase initiation (Elledge and Harper, 1994; Howell et al., 2004).  The 
kinetochores play a critical role for SAC activity (Shah et al., 2004). Kinetochores 
consist of centromeric, inner kinetochore, and outer kinetochore regions. Cohesin 
holds sister-chromatids together in centromeric DNA regions (Cleveland et al., 2003).  
It is unclear if centromeric DNA sequences are important for SAC activity.  In yeast, 
specific centromeric sequences are important for kinetochore function (Meluh and 
Koshland, 1997; Westermann et al., 2003). In other organism, however, kinetochore 
assembly appears to be regulated by epigenetic factors such as CENP-A chromatin, 
rather than a specific DNA sequence (Smith, 2002; Van Hooser et al., 2001). CENP-
A, a Histone H3-like protein is found in centromere nucleosomes and appears to 
specify kinetochores and recruit other kinetochore proteins (Van Hooser et al., 2001).  
The inner kinetochore also includes microtubule binding proteins, including CENP-E 
(Mao et al., 2003). CENP-E appears to sense unattached kinetochores and activate 
BubR1 for chromosome bi-orientation (McEwen et al., 2001). The Outer kinetochore 
contains many microtubule binding proteins, microtubule motor proteins, and SAC 
components (Weaver et al., 2003).  The kinetochore is a protein complex that 
regulates cohesion of sister chromatids, microtubule dynamics, chromosome 
movements, and SAC activity during mitosis.   
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SAC activity at kinetochores  
Most proteins in the SAC component complex (SCC) are conserved and share 
sequence and functional similarity, including Bub1, Bub3, Mad2, BubR1, MPS1, 
Zw10, and Rod (Roughdeal) (Musacchio and Salmon, 2007). As mentioned above, 
SCC components concentrate at kinetochores before the M-A transition.  Mad2 
among them directly binds Cdc20 to inhibit APC/C activity (Chan et al., 2000; Hoyt, 
2001).  Zw10, Mps1, Bub1, and BubR1 are required for Mad2 recruitment to 
kinetochores (Buffin et al., 2005; Chen, 2002; Sharp-Baker and Chen, 2001). 
Depletion of any one of these proteins inhibits Mad2 localization at kinetochores, 
disrupting SAC function and leading to premature chromosome segregation, lagging 
chromosomes at anaphase, and aneuploidy (Buffin et al., 2005; Chen, 2002; Sharp-
Baker and Chen, 2001; Zhao and Chen, 2006).  By contrast, Mad2 depletion does not 
affect BubR1 and Zw10 localization, although it abolishes SAC activity, suggesting 
that Mad2 plays a critical role in transmitting SAC activity (Buffin et al., 2005). 
 
Mitotic timing is regulated by mad2 and BubR1  
In addition to SAC function at unattached kinetochores, recent biochemical 
analyses suggest that active SAC components are present in the cytosol, and this 
cytosolic SAC may control mitotic progression in a kinetochore-independent manner 
(Sudakin et al., 2001).  Recently, cytosolic SAC function has been analyzed in 
mammals (Meraldi et al., 2004). These studies show that complete disruption of 
kinetochores inhibits SAC-dependent mitotic delays, but does not affect on mitotic 
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timing. By contrast, they observed that Mad2 and BubR1 depletion triggers both 
decreased mitotic timing and failure of SAC activation. Moreover, Mad2 depletion 
combined with disruption of kinetochores prevented spindle checkpoint activation 
and decreased mitotic timing, suggesting that cytoplasmic Mad2 and BubR1 inhibit 
APC/C activation in the absence of functional kinetochores.   
 
Spindle damage response.  
Spindle disruption or stabilization activates the SAC to prevent securin and 
Cyclin B degradation, resulting in metaphase arrest before chromosomes segregation. 
In addition to kinetochore attachment, proper tension is critical to SAC inactivation.  
Kinetochore tension is generated by chromosome bi-orientation. Taxol, a 
microtubule-stabilizing drug that generates attached kinetochores without tension, 
activates the SAC.  Taxol treatment leads to kinetochore localization of BubR1, but 
not Mad2, suggesting SAC protein localization and activation are differentially 
regulated by attachment and tension (Shannon et al., 2002). However, depletion of 
either Mad2 or BubR1 leads to SAC inactivation and mitotic progression in the 
presence of Taxol. Both Mad2 and BubR1 are therefore required for SAC activation 
in response to tension or attachment defects (Waters et al., 1998). 
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DNA damage response 
 
DNA damage checkpoint 
To maintain genomic integrity, DNA damage checkpoints monitor DNA 
lesions and prevent cell cycle progression.  The cell cycle arrests at G1, S, or G2 
phase, depending on the phase in which the DNA damage is sensed (Lobrich and 
Jeggo, 2007). ATM/ATR-Chk2/Chk1 signaling pathways prevent Cdk activation 
through inhibition of Cdc25 phosphatase (Figure 2). A number of proteins are 
required for the DNA damage checkpoint, including ATM, ATR, Chk1, Chk2, the 
MRN complex, p53, 53BP1, BRCA1 and Cdc25. Here, I will describe the regulation 
and function of the DNA damage sensors ATM/ATR, and the signal transducers 
Chk1/Chk2, which phosphorylate and activate effectors during the DNA damage 
checkpoint response.   
 
Checkpoint components  
Ataxia Telangiectasia Mutated (ATM)  
Mutations in the human ATM gene lead to Ataxia Telangiectasia (AT), which 
is characterized by genome instability, neurodegeneration, and predisposition to 
cancer (Abraham, 2001). ATM-/- mutant mice are viable, indicating that ATM is not 
essential for normal cell cycle progression or development (Shiloh, 1997). However, 
ATM is essential for DNA damage signaling. 
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ATM activity is regulated by two distinct events – autophosphorylation and 
localization to DNA break sites.  In normal cells, ATM forms an inactive homodimer.  
This homodimer dissociates upon DNA damage, which triggers autophosphorylation  
(Bakkenist and Kastan, 2003). The other event is recruitment of ATM at DSBs sites 
by the MRN complex (Carson et al., 2003; Uziel et al., 2003). The highly conserved 
MRN complex consists of the proteins Mre11, Rad50 and Nbs1 (Jackson, 2002; 
Tauchi et al., 2002). The MRN complex is involved in the initial processing of DSBs 
by interacting with phosphorylated H2AX (Kobayashi et al., 2002). Activated ATM 
then phosphorylates serine and threonine sites in the SQ/TQ motif of many substrates, 
including BRCA1, NBS1, Chk2, and p53, leading to G1, S and G2 arrest or apoptosis 
(Gatei et al., 2000; Kang et al., 2005; Matsuoka et al., 1998; Matsuoka et al., 2000). 
 
 ATR 
ATR, like ATM, appears to function as a signal transducer in DNA damage 
signaling. ATR deficiency in mice results in early embryonic death, indicating ATR 
is essential for viability (Brown and Baltimore, 2000). Unlike ATM, ATR kinase 
appears to constitutively phosphorylate its substrates, suggesting that ATR may be 
regulated through changes in subcellular localization in response to DNA damage 
(Ball and Cortez, 2005). As with ATM, ATR phosphorylates serine or threonine 
residues in SQ/TQ sequences (Abraham, 2001).  
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Chk2 
Chk2 is a kinase that is conserved from yeast to mammals. Rad53, the Chk2 
homolog in budding yeast, was found as a kinase involved in the DNA damage 
response (Elledge and Harper, 1994). Chk2 contains SQ/TQ, Forkhead-associated 
(FHA), and C-terminal kinase domains.  The SQ/TQ domain in the N-terminus of 
Chk2 is the site for phosphorylation by ATM/ATR kinases.  In human cells, DNA 
damage leads to Chk2 activation through ATM phosphorylation of threonine residue 
at 68. (Melchionna et al., 2000).  The FHA domain is required for homo-
oligomerization of p68T-Chk2, which appears to trigger autophosphorylation and full 
activation (Ahn et al., 2002).  The kinase domain occupies the C-terminal region. 
Like ATM, Chk2 is dispensable for viability in mice, indicating that it is not 
essential for normal development (Takai et al., 2002). However, Chk2 is involved in 
cell cycle arrest and p53-dependent apoptosis in response to DNA damage (Takai et 
al., 2002). Activated Chk2 also phosphorylates Cdc25A to arrest the cell cycle at 
G1(Bartek et al., 2001). Chk2 function in the G2-M checkpoint, however, depends on 
cell types and the nature of the DNA damage. Cells derived from Chk2 knockout 
mice arrest in G2-M following DNA damage, suggesting that Chk2 is not necessary 
for the G2-M checkpoint (Takai et al., 2002). Elledge and coworkers showed that 
active Chk2 phosphorylates the serine-216 residue of Cdc25C, and phosphorylation 
of Cdc25 on S216 is known to block the G2-M transition (Matsuoka et al., 1998).  
Recently, it was also reported that ATM and ATR induce Chk2-mediated G2-M 
arrest in response to irradiation (Li et al., 2008; Park and Avraham, 2006).  
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Chk1  
Chk1 was first identified in yeast as essential for cell cycle arrest before 
mitosis in response to DNA damage in a Rad3 (ATR)-dependent manner (Walworth 
et al., 1993; Walworth and Bernards, 1996). Chk1 deficient mice die during early 
embryogenesis, with abnormal nuclei.  Similar lethality and nuclear abnormalities are 
found in ATR deficient mice (Takai et al., 2000), suggesting that ATR and Chk1 
function in the same pathway.  Cells from Chk1 deficient mice do not arrest the cell 
cycle following DNA damage or incomplete DNA replication, indicating Chk1 is 
required for DNA damage and replication checkpoint control (Takai et al., 2000). 
Active Chk1 phosphorylates a number of substrates to induce cell cycle arrest 
(Capasso et al., 2002).  
 
Functional redundancy in checkpoint components 
It was generally thought that ATM and ATR function independently and 
regulate two distinct pathways via the Chk2 and Chk1 effectors, respectively (Niida 
and Nakanishi, 2006). However, a recent report shows that ATM activates ATR by 
recruiting ATR at DNA damaged sites, suggesting ATR is activated in an ATM-
dependent manner (Jazayeri et al., 2006). Moreover, ATM and ATR overlap in their 
phosphorylation of Chk2 and Chk1 as well as other substrates such as BRCA1 and 
the MRN complex, in contrast to earlier proposals (Gatei et al., 2000; Goodarzi et al., 
2003; Sapkota et al., 2002; Shiloh, 1997). Therefore Chk1 and Chk2 appear to be 
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functionally redundant and regulated by both ATM and ATR in response to DNA 
damage. It appears that dominant function of a kinase effector (Chk1 or Chk2) may 
depend on cell types or organism. 
 
Mitotic response to DNA damage  
Mitotic delays and death in response to DNA damage have been observed in 
organisms from yeast to mammals. The mechanism is best understood in budding 
yeast, which delays in a metaphase state in response to DNA damage. Recently, 
however, several studies have explored the mechanism of damage induced mitotic 
delay in fission yeast, Drosophila, and mammalian cells. 
 
Mitotic response to DNA damage in yeast 
In budding yeast, DNA damage leads to a block in cell cycle progression at 
the metaphase-anaphase transition (M-A transition), through stabilization of Pds1, the 
securin homolog (Sanchez et al., 1999; Wang et al., 2001). The ATR homolog, Mec1, 
plays a critical role in DNA damage response in budding yeast (Sanchez et al., 1999; 
Wang et al., 2001). In the presence of DNA damage, Mec1 phosphorylates Chk1 and 
Chk2 to inhibit chromosome separation. Chk1 phosphorylates Pds1 to prevent APC/C 
recognition of Pds1, and thus stabilize Pds1 (Agarwal et al., 2003). Rad53/Chk2 
prevents Pds1-Cdc20 interactions to prevent Pds1 ubiquitination (Agarwal et al., 
2003). Chk1 and Chk2 thus block mitotic progression through parallel DNA damage 
response pathways, and both pathways are required for complete mitotic arrest. In 
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addition, a recent study showed that PKA (cyclin-AMP dependent protein kinase) 
pathway also participates DNA damage response, in parallel with Chk1 and Rad53 
(Searle et al., 2004). PKA controls Cdc20 phosphorylation to prevent mitotic 
progression in response to DNA damage. Taken together, three distinct signaling 
pathways control mitotic arrest following DNA damage to prevent genomic 
instability in budding yeast. 
   
Mitotic response to DNA damage in mammals 
In mammals, the combination of G2/M checkpoint deficiency and DNA 
damage leads to mitotic exit delays, cell death during mitosis, or division failure 
(Castedo et al., 2004a; Roninson et al., 2001). The diversity of mitotic damage 
responses could reflect the genetic variability of cultured mammalian cells, or distinct 
responses to different levels of DNA damage.  
In mammals, DNA damage-induced metaphase delays appear to be regulated 
by the SAC, as found in fission yeast (Mikhailov et al., 2002; Nitta M, 2004). 
Mikhailov et al. suggested that damage disrupts the kinetochore, indirectly triggering 
the SAC and Mad2-dependent mitotic delay, and that DNA damage signaling is not 
required for these delays (Mikhailov et al., 2002). 
In contrast, Huang et al. reported that Chk1 and BRCA1-DNA damage 
checkpoint components are required for mitotic exit delay in response to DNA 
damage. They proposed that Chk1 and BRCA1 inhibit Cdh, an APC/C activator 
(Huang et al., 2005). 
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Another study has suggested that Chk2 is a negative regulator of mitotic 
catastrophe, which was induced by fusion of S-phase and M-phase HeLa cells 
(Castedo et al., 2004b). The physiological significance of division failure following 
fusion is unclear, and the mechanism of DNA damage associated mitotic delays in 
mammals remains poorly understood.  
 
Cell cycle control during embryonic development in Drosophila 
melanogaster 
During early Drosophila embryogenesis, the first 13 nuclear divisions are 
synchronous and occur in a common cytoplasm, or syncytium (Figure 3). These 
syncytial divisions are extremely rapid and consist of DNA synthesis (S phase) and 
mitotic phases (M phase) without gap phases (G1 and G2) (Foe and Alberts, 1983). 
The initial nuclear divisions occur in the interior of the embryos, and then the 
majority of nuclei migrate to the embryo cortex during cycle 9 and 10. Nuclei divide 
during the syncytial blastoderm stage (cycle 11-13) at the cortex. At this stage, the 
length of interphase gradually increases from 5 to 15 minutes.  It has been proposed 
that maternally derived factors, such as the DNA replication machinery, are titrated 
by the increasing number of nuclei in the embryo to increase interphase length (Edgar 
et al., 1986; Sibon et al., 1997). Following mitosis 13, cellularization incorporates the 
cortical nuclei into cells.   This process requires zygotic transcription, and marks the  
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midblastula transition. After cellularization, the cell cycle becomes asynchronous as a 
variable G2 phase is introduced (Edgar and O'Farrell, 1990; Foe, 1989; Vassin et al., 
1985).  
 
 Regulation of mitotic exit during Drosophila embryogenesis 
 
The Spindle Assembly Checkpoint.  
The SAC controls APC/C activity during mitotic progression in syncytial 
embryos, as if does in other organisms.  Homologues of most components of the 
spindle checkpoint complex (SCC) have been identified in Drosophila, including 
BubR1, Zw10, Rod, Mad2, and Cdc20. Dynamic localization of Zw10, Rod, BubR1, 
and Mad2 have been examined with GFP fusions in neuroblast and/or syncytial 
embryos (Basto et al., 2004; Buffin et al., 2005). All these proteins concentrate at 
kinetochores until the M-A transition, and disappear after chromosomes have aligned 
at metaphase plate, consistent with in vivo analyses in mammals (Howell et al., 2004). 
Like other organisms, spindle damage (by microtubule depolymerizing drugs or 
stabilizing drugs) triggers SAC-dependent metaphase arrest in Drosophila embryos, 
indicating that the SAC monitors attachment and tension between microtubules and 
kinetochores to ensure proper chromosome segregation (Orr et al., 2007). The role of 
the SAC in Drosophila development and cell cycle progression has been tested 
through analysis of mutations in genes encoding the SCC components zw10, rod and 
bubR1 (Basto et al., 2000; Perez-Mongiovi et al., 2005; Williams et al., 1992). 
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Previous studies showed that the SCC is essential for the viability in most organisms 
except in yeast (Dobles et al., 2000; Kitagawa and Rose, 1999). The mutations in 
zw10, rod, and bubR1 also cause chromosomes segregation failure, aneuploidy, and 
lethality in Drosophila (Basto et al., 2000; Perez-Mongiovi et al., 2005; Williams et 
al., 1992). These findings suggest that the SAC functions in normal mitosis, as well as 
in response to spindle damage. However, Mad2 is not essential for viability, but is 
required to arrest the cell cycle in prometaphase in response microtubule 
depolymerization (Buffin et al., 2007). This observation suggests that Mad2 has a 
single function in controlling the APC/C activation by interacting with Cdc20, while 
other SCC components, including Zw10, Rod, BubR1, have function outside the SAC 
that are essential for viability. For example, Zw10 is required for Mad2 and dynein 
recruitment to kinetochores, and zw10 mutations disrupt spindle organization (Starr et 
al., 1998).  
 
Spatial and temporal regulation of Cyclins in syncytial embryos.  
 During the syncytial divisions, which have a simple S-M phase division 
cycle, Cyclin B levels remain high, although Cyclin B degradation is required for 
mitotic exit.  Biochemical studies indicate that Cyclin B is not completely destroyed 
at the end of each syncytial mitosis (Edgar et al., 1994). However, Cyclin B 
degradation appears to be spatially regulated, and centrosomes and spindle associated 
Cyclin B may be more efficiently destroyed than cytoplasmic Cyclin B during the 
syncytial divisions (Huang and Raff, 1999). As soon as the nuclear envelope breaks 
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down (NEB), Cyclin B accumulates on centrosomes and spindles. Spindle-associated 
Cyclin B starts to disappear from centrosomes at late-metaphase, and is completely 
gone from spindles at anaphase (Huang and Raff, 1999). 
In addition to Cyclin B, Cyclin A and Cyclin B3 also contribute to mitotic 
progression during early embryogenesis. It has been shown that high levels of Cyclin 
A, B and B3 block the mitosis at metaphase, early anaphase, and late 
anaphase/telophase, respectively, when experimentally manipulated by injecting or 
overexpressing stable Cyclins (Parry and O'Farrell, 2001; Sigrist et al., 1995; Su et 
al., 1998). This suggests that sequential destruction of Cyclins may control mitotic 
progression.          
 
DNA damage response in the Drosophila embryos 
During Drosophila embryogenesis, the checkpoint machinery induces cell 
cycle arrest in response to unreplicated and/or damaged DNA at different phases, 
depending on developmental stage.  Checkpoint genes that are conserved from yeast 
to humans have also been identified in Drosophila.  Mutations in mei-41 (ATR), grp 
(Chk1), atm, mnk (Chk2), and p53 have been characterized and found to disrupt DNA 
damage checkpoint control, repair, or apoptosis as described below.  
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Checkpoint components in Drosophila 
mei-41 and grp 
The mei-41 and grp genes encode ATR and Chk1, respectively, and mutations 
in mei-41 and grp lead to similar phenotypes.  The mutations block the increases the 
interphase length that normally accompany the later syncytial divisions (cycle 11-13), 
resulting in mitotic entry with incomplete DNA replication.  All embryos derived 
from mei-41 or grp mutant females fail to cellularize (Sibon et al., 2000; Sibon et al., 
1999; Sibon et al., 1997; Takada et al., 2007).  Recently, Takada presented evidence 
indicating that accumulation of DNA damage, presumably caused by checkpoint 
failure, leads to the observed cellularization failure (Takada et al., 2007).  In 
neuroblast, mutants for mei-41 or grp are defective in checkpoint control (Brodsky et 
al., 2000; Jaklevic and Su, 2004)  
 
ATM  
  Recently, the role of ATM has been addressed in Drosophila. A null mutation 
in the atm gene causes larval lethality (Silva et al., 2004), and Drosophila ATM 
appears to be upstream of Chk2-p53 apoptosis signaling (Song et al., 2004). ATM 
also appears to function in telomere maintenance, since atm mutations lead to 
telomeric fusions and loss of HP1 localization to telomere ends (Oikemus et al., 
2004).  
 
Mnk   
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DmMnk, the Drosophila Chk2 homologue, was originally identified as a 
nuclear protein kinase enriched in ovaries (Oishi et al, 1998). mnk null mutants are 
viable and fertile, indicating that Chk2 is not essential for normal development, 
consistent with observations in mouse (Takai et al., 2002). However, mnk mutants 
disrupt the p53 dependent damage response in somatic cells (Brodsky et al., 2004; 
Peters et al., 2002). p53 is required for DNA damage-induced apoptosis in 
Drosophila. (Ollmann et al., 2000). Chk2 phosphorylates and activates p53 to trigger 
apoptosis in response to DNA damage (Brodsky et al., 2004; Peters et al., 2002). 
Chk2 appears to be the primary regulator of p53-dependent apoptosis in Drosophila. 
However, Chk2 function in cell cycle control is controversial. Xu et al. suggested mnk 
mutants show an increased mitotic index following DNA damage, consistent with a 
function in G2-M phase cell cycle control (Xu et al., 2001). By contrast, Chk2 knock-
down in S2 cells did not compromise damage induced cell cycle arrest (de Vries et 
al., 2005). 
 
Cell cycle checkpoint control of the syncytial cycles  
The syncytial divisions consist of S-M cycles, and inhibition of DNA 
replication delays progression into M phase, but does not completely block mitotic 
entry (Sibon et al., 1997). Entering mitosis with incomplete DNA leads to severe 
mitotic defects (Sibon et al., 2000; Sibon et al., 1999) By contrast, DNA breaks do 
not activate checkpoint dependent delays in progression into mitosis (Takada et al., 
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2003). As described below, DNA damage triggers severe defects in spindle assembly 
and function. 
 
Mitotic catastrophe 
 In the syncytial embryos, DNA damage agents and replication checkpoint 
mutations (grp and mei-41), lead to a dramatic loss of centrosome function and 
defects in spindle assembly during mitosis (Takada et al., 2003). These defects are 
linked to loss of γ-tubulin, γ-TuRC components, CP190 and Dgrip84 from 
centrosomes. The spindles are barrel-shaped and anastral, and anaphase chromosome 
segregation fails. These mitotic defects are dramatically suppressed in embryos 
derived from female homozygous for a null mutation in mnk, indicating Chk2 is 
required for this mitotic response to DNA damage. Moreover, mnk mutations 
suppress "nuclear dropout," a process that shunts damaged nuclei to the interior of the 
embryo following division failure. Chk2 activation may therefore disrupt the link 
between centrosomes, which appear to anchor nuclei at the cortex, and damaged 
nuclei. (Figure 4)  
During post cellularization cycles 14-16, irradiation triggers delays in mitotic 
entry followed by mitotic arrest (Garner et al., 2001). In dup (double parked) mutants, 
which disrupt DNA replication, the cell cycle arrests in mitosis 16, following no 
delay in mitotic entry, and this arrest requires Bub1. In larval neuroblasts, DNA 
damage also delays progression into mitosis and leads to delays in the M-A transition 
(Royou et al., 2005).  These delays appear to required both BubR1 and Chk1.  
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Accordingly, Chk1 and BubR1 have been proposed to function in parallel to 
delay in mitosis, such that non-kinetochore DNA breaks induce Chk1-mediated 
mitotic delays, while kinetochore breaks triggers BubR1-induced mitotic delay 
(Royou et al., 2005). 
 
These findings suggest that the SAC has a conserved function in delaying 
mitosis following DNA damage.  However, the molecular events leading to SAC 
activation in response to DNA damage are poorly understood. To gain insight into the 
cellular and molecular mechanisms controlling the mitotic response to DNA damage, 
I therefore examined this process in syncytial embryos, which support a powerful 
combination of genetic approaches and direct in vivo imaging of mitotic progression. 
My studies indicate that DNA damage can trigger arrest at both prometaphase and 
anaphase, through a process that requires both the DNA damage signaling kinase 
Chk2 and the SAC component Mad2.  These studies also show that anaphase arrest is 
linked to Cyclin B stabilization and rapid relocalization of SAC components to 
kinetochores, and the damage to centromere DNA is not sufficient to activate the 
SAC. 
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INTRODUCTION 
 
DNA damage checkpoints monitor DNA integrity and delay cell cycle 
progression until lesions are repaired.  Failure of the G2-M checkpoint and 
progression into mitosis with DNA lesions leads to mitotic exit delays, which are 
often associated with cell death during mitosis or division failure through a poorly 
defined process known as mitotic catastrophe (Castedo et al., 2004a; Chan et al., 
1999; Roninson et al., 2001).  DNA damage-induced mitotic delays are observed in a 
wide range of systems, but details of the molecular mechanism are only known in 
budding yeast, where activation of protein kinase A, Chk1 and Chk2 appear to inhibit 
destruction of Pds1 in distinct pathways (Agarwal et al., 2003; Searle et al., 2004).  In 
higher eukaryotic systems, DNA damage-induced mitotic exit delays require 
components of the spindle assembly checkpoint (SAC), which is active and delays 
metaphase-anaphase transition (M-A transition) until all kinetochores are aligned and 
properly oriented at the metaphase plate (Collura et al., 2005; Mikhailov et al., 2002; 
Nitta M, 2004; Royou et al., 2005).  However, it is unclear if DNA damage directly 
activates the SAC, or indirectly triggers this checkpoint by fragmenting centromere 
DNA and disrupting kinetochore structure.  
Synthesis of the Cdk1 activator Cyclin B is essential for entry into mitosis, 
and Cyclin B destruction and Cdk1 inactivation leads to exit from mitosis (King et al., 
1995).  During mitotic exit, Cyclin B is destroyed through ubiquitin-dependent 
proteolysis, which is controlled by the anaphase promoting complex/cyclosome 
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(APC/C) that is activated by Cdc20 (Yu, 2002). To ensure the fidelity of chromosome 
segregation during mitosis, the SAC sequesters Cdc20 and prevents activation of 
APC/C until all chromosomes are aligned at the metaphase plate.  Chromosome 
alignment leads to SAC inactivation, and Cdc20 release then activates the APC and 
triggers M-A transition (Shirayama et al., 1999).  
 The spindle assembly checkpoint requires a number of proteins, termed the 
spindle checkpoint complex (SCC), which includes Mps1, BubR1, Zw10, and Mad2.  
Mad2 directly interacts with and inhibits Cdc20, preventing APC/C activation (Chan 
et al., 2000; Hoyt, 2001). All of the SCC components, along with Cdc20, localize to 
unaligned kinetochores, and all of these proteins dissociate from kinetochores 
following bipolar chromosome attachment and alignment. Kinetochore localization of 
SCC proteins and Cdc20 is therefore linked to activation, and is used to assay for 
SAC activity in the cell (Musacchio and Salmon, 2007). 
A number of studies have shown that the SCC proteins BubR1 and Mad2 are required 
for damage-induced mitotic delays (Collura et al., 2005; Fang et al., 2006; Mikhailov 
et al., 2002; Nitta M, 2004). Rieder and colleagues, working on mammalian cells, 
have proposed that only extensive damage triggers mitotic exit delays, and that this 
extent of damage physically disrupts kinetochores, leading to SAC activation through 
a process that is independent of damage signaling (Mikhailov et al., 2002). Other 
studies suggest that DNA damage activates a signaling pathway that delays mitotic 
exit (Collura et al., 2005; Garner et al., 2001; Royou et al., 2005). Chk1 has been 
implicated in DNA damage-induced mitotic delays in fission yeast, Drosophila 
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neuroblasts, and mammalian cells (Collura et al., 2005; Garner et al., 2001; Huang et 
al., 2005; Royou et al., 2005). By contrast, Castedo et al. proposed that Chk2 is 
negative regulator of mitotic catastrophe in fusion of HeLa cells, following fusion of 
mitotic and interphase cells (Castedo et al., 2004b).  In budding yeast, both Chk1 and 
Chk2 appear to be required for damage induced metaphase delays (Agarwal et al., 
2003). Agarwal suggested that Chk1 and Chk2 function in distinct pathways that 
control DNA damage-induced mitotic arrest. Chk1 appears to block mitotic exit by 
phosphorylating Pds1 (securin), which is proposed to block ubiquitination. Chk2, by 
contrast, blocks Pds1 destruction by preventing interactions with Cdc20.  In higher 
eukaryotes, however, the role of Chk1 and Chk2 in damage signaling during mitosis 
is still the subject of debate.    
To define the molecular, genetic, and cellular mechanisms controlling mitotic 
progression following DNA damage, we have focused on syncytial Drosophila 
embryos which have a simplified S-M cell cycle, support high temporal resolution 
time-lapse imaging, and allow genetic characterization of this damage response. 
Surprisingly, our time-lapse and immunocytochemical studies indicate that DNA 
damage triggers cell cycle arrest both before and after M-A transition. Significantly, 
we show that both Chk2 and Mad2 are required for mitotic arrest at prometaphase and 
anaphase, and that anaphase arrest is associated with stabilization of Cyclin B and 
relocalization of SCC components to kinetochores.  We also show that DNA damage 
sufficient to fragment centromeric DNA triggers mitotic exit delays in wild type 
embryos, but not in embryos that lack Chk2, despite the presence of a functional 
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SAC. Furthermore, we show that a functional GFP-Chk2 fusion localizes on 
kinetochores through mitosis, suggesting that this kinase could act directly on SCC 
proteins. Taken together, these studies indicate that damage-induced delays in mitotic 
exit are not a simple consequence of kinetochore fragmentation, but result from DNA 
damage signaling through Chk2.  Furthermore, these studies show that this signaling 
pathway can delay syncytial blastoderm cell cycle progression in both prometaphase 
and anaphase. 
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RESULTS 
 
DNA damage triggers prometaphase and anaphase delays  
To directly analyze progression through mitosis following DNA damage, we 
injected syncytial blastoderm stage Drosophila embryos with a mixture of the DNA 
dye Oligreen, rhodamine-tubulin (R-tubulin), and a DNA damaging agent.  
Immediately following injection, time-lapse laser-scanning confocal microscopy was 
used to monitor nuclear envelope breakdown (NEB), spindle assembly and 
chromosome alignment, sister chromosome separation and spindle elongation at the 
metaphase-anaphase transition (M-A transition), and mitotic exit as indicated by 
nuclear envelope formation (NEF) (see experimental procedures). The X-ray mimetic 
bleomycin and the topoisomerase inhibitors etoposide and camptothecin (CPT) were 
used to induce DNA double-strand breaks (DSB), and all three agents produce a 
similar spectrum of defects (Figure 1).  CPT stably traps a DSB reaction intermediate 
and produced a consistent mitotic response, and was therefore chosen for the majority 
of our studies.  
Syncytial blastoderm stage embryos do not delay progression into mitosis 
following DNA damage, but show a robust mitotic response to damage that includes 
"centrosome inactivation", assembly of anastral spindles, and chromosome 
segregation failures (Sibon et al., 2000; Takada et al., 2003). Time-lapse analysis 
demonstrated that these defects link to a delay in mitotic exit, and to arrest at both 
prometaphase and during anaphase, after sister chromosome separation and spindle  
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Figure 1. DNA double-strand breaks lead to anaphase arrest. Replication 
inhibitor (aphidicolin; a-d) as well as DNA damaging agents (UV, etoposide and 
bleomycin; e-h, i-l and m-p, respectively) cause centrosome inactivation after NEB 
that persists through metaphase (open arrowheads; b,f,j and n) but centrosome 
activity resumes at the beginning of anaphase (open arrows; c, g, k and o). (a-d) The 
replication inhibitor aphidicolin does not induce anaphase arrest. The blm embryo 
injected with aphidicolin (100µg/ml), Oli-green and rhodamine-labeled tubulin was 
observed live with confocal microscope. Aphidicolin injection causes slight increase 
in the overall length of mitosis. (e-h) UV irradiation of blm embryos can induce 
anaphase arrest that may be followed by mitotic exit. The embryo was injected with a 
mixture of DAPI, Oli-green and rhodamine-labeled tubulin was analyzed in vivo. The 
embryo irradiated with UV for 20 sec exits from mitosis after prolonged anaphase 
(~12 min; about 3 times longer than the control blm embryos). (i-l & m-p) Injection 
of blm embryos with 10uM etoposide (i-l) or 1ug/ml bleomycin (m-p) induces arrest 
in anaphase. Induction of double strand breaks in the blm embryos with either 
etoposide or bleomycin injection leads to a delay in anaphase initiation followed by 
an arrest in anaphase.  
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elongation (Figure 2E).  In 8 of 13 embryos injected with 100 µM CPT, nuclei 
delayed in a prometaphase configuration before exiting mitosis as indicated by NEF.  
Diffusion of CPT from the injection site produces a gradient of the DNA damaging 
agent in the syncytial embryo, allowing a rough correlation between the extent of 
DNA damage and the mitotic response.  In 5 of 13 embryos injected with 100 µM 
CPT, we observed mitotic arrest near the injection site and mitotic delays followed by 
mitotic exit in more distant regions. By contrast, mitotic arrest was observed in only 1 
of 9 embryos injected with 50 µM CPT, and mitotic delay shown in the remaining 
embryos (Table1).  The Blooms helicase (Blm) has been implicated in double-strand 
break repair (Adams et al., 2003; Adams MD, 2003; Kusano et al., 1999; Kusano K, 
1999), and mitotic arrest was observed in 100% of blm mutant embryos injected with 
either 50 µM or 100µM CPT (Table 1). These findings indicate that lower levels of 
damage trigger mitotic delays, while higher levels of damage induce mitotic arrest. 
When damage was followed by mitotic exit, cell cycle delays were primarily in 
prometaphase (Table 1).  The total length of mitosis (NEB to NEF) averaged 4.1± 0.9 
min in control embryos, compared to 7.7±2.2 min. in 100 µM CPT injected embryos.  
The M-A transition is marked by sister chromosome separation, an abrupt increase in 
astral microtubule length, and spindle elongation.   In the absence of DNA damaging 
agents, the M-A transition was initiated 3.1± 0.5 min after NEB (Fig 2A-C, Table 1).   
Following 100 µM CPT injection, NEB was followed by a drop in centrosome-
organized microtubule nucleation and assembly of spindles with reduced asters.  
When mitotic exit was observed, these reduced asters and short spindles  
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Table 1. DNA damage induces Chk2- and Mad2-mediated mitotic delays  
   in syncytial Drosophila embryos 
 
 
 
control 
 
50  M camptothecin 
 
100  M camptothecin 
 
250 M  
colchicine 
 
 
 
total 
embryo 
No. 
 
NEB-NEF 
 (M-A) 
min 
 
total 
embryo 
No. 
 
NEB-NEF 
(M-A) 
min 
 
Total No. 
Arrested 
embryos 
(M /A/M-
A) 
 
total 
embryo 
No. 
 
NEB-NEF 
(M-A) 
min 
 
Total No. 
Arrested 
embryos 
(M /A/M-
A) 
 
mitotic  
arrest 
  
 w1118  
 
10 
 
4.12±0.9 
(3.1±0.5) 
 
9 
 
7.8±1.6 
(6.2±2.5) 
 
1 
(1/-/-) 
 
13 
 
7.7±2.2 
(6.4±2.1) 
 
5 
(1/4/-) 
 
yes 
 
mnk 
 
 
5 
 
3.8±1.1 
(3.2±0.7) 
 
6 
 
4.3±0.5 
(2.9±0.29) 
 
0 
 
10 
 
4.5±0.8 
(3±0.6) 
 
0 
 
yes 
 
blm 
 
6 
 
5.9±1 
(6) 
 
7 
 
- 
 
7 
(2/3/2) 
 
8 
 
- 
 
 
8 
(3/2/3) 
 
yes 
 
mnk;blm 
 
7 
 
5.7± 0.9 
(4±0.8) 
 
N/D 
 
 
10 
 
7.03±1.5 
(6.1±1.6) 
 
0 
 
N/D 
 
mad2 
 
4 
 
4.4±0.8 
(3.14±0.7) 
 
N/D 
 
10 
 
6.4±1.1 
(4.9±1.3)* 
 
0 
 
 
No 
 
zw10 
 
8 
 
4 ~ 10 
(8) 
 
3 
 
≥6 
 
0 
 
5 
 
≥8 
 
 
0 
 
 
No 
 
 
 NEB-NEF : the duration of mitosis 
 
 M-A : metaphase-anaphase transition timing  
 
 Total No. Arrested embryos (M /A/M-A) ; Total number of embryos arrested           
following drug injection ( metaphase arrest /anaphase arrest/unsynchronized)  
 
 N/D : not determined 
 
    * : 6/10 embryos determined for time of M-A transition. 4 embryos appear to  
completely fail chromosomes segregation. 
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Figure 2. DNA damage-induced mitotic exit delays in Drosophila syncytial 
blastoderm stage embryos. (A-L) Selected frames from the live analysis of control 
w1118 Drosophila embryos injected with Oli-green and rhodamine-conjugated tubulin 
(R-tubulin). The embryos were analyzed immediately after injection by laser 
scanning-confocal microscopy. (A-C) A control w1118 injected embryo. (A) Nuclear 
envelope breakdown (NEB) is marked as time zero (T=0:00). (B) Anaphase initiates 
in about 2.5 minutes (min) following NEB. (C) Nuclear envelope reformation (NEF) 
occurs about 1.5 min after anaphase initiation. (D-L) Control embryos (w1118) injected 
with 100µM camptothecin (CPT) along with Oligreen and R-tubulin. (D-F) DNA 
damage induced by CPT injection causes a delay in anaphase initiation (10 min vs 2.5 
min), but not in duration of anaphase (2 min vs. 1.5 min) as compared to the control 
embryo (compare E-F with B-C). Note that centrosomes regain microtubule 
nucleation activity at anaphase initiation (E, arrows). (G-I) DNA damage causes an 
embryo to arrest at metaphase until recording is terminated. The embryo also displays 
persistent centrosome inactivation (arrowhead). Chromosomes are neither completely 
aligned nor separated in the absence of NEF.  (J-L) DNA damage induces anaphase 
arrest. After prolonged metaphase, anaphase initiates with active centrosomes and 
chromosome separation (K). After chromosome separation, apparent anaphase arrest 
occurs (L). Chromosomes or chromosome fragments are generally found attached to 
the spindle pole and oscillate occasionally between the main spindle body and the 
attached pole (L, asterisk).  
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persisted for an average of 6.4 ± 2.1 min, when astral microtubule assembly abruptly 
increased, the spindles elongated, some chromosome movement toward the poles was 
observed.   The time from this apparent M-A transition to NEF was 1.7 ± 0.4 min, 
compared to 1.5 ± 0.6 min in control embryos.  Under these conditions, DNA damage 
thus delays the M-A transition, but does not significantly alter progression through 
anaphase (Figure 2 D-F. and Table 1).  
As noted above, 100µM CPT injection induces mitotic arrest in 5 of 13 of WT 
embryos and in 100% of blm mutants (8 of  8)(Table 1).   Mitotic arrest is defined as 
the absence of NEF for a minimum of 20 minutes after NEB, when recordings were 
generally terminated. Two distinct classes of mitotic arrest were observed.  In the first  
class, centrosome based microtubule nucleation dropped at NEB, relatively short 
barrel-shaped spindles assembled, chromosomes did not fully align, and this 
configuration was maintained for the duration of the recording (Figure 2G-I).  In the 
majority of embryos, however, anastral spindles initially assembled, but a delay with 
this configuration was abruptly terminated by an increase in centrosome organized 
microtubule nucleation, spindle elongation, and pole-ward movement of at least a 
subset of chromosomes (Fig 2K) (Figure 2J-L).   The separated chromosomes then 
remained condensed and oscillated between the poles of the elongated spindles, and 
NEF was not observed. During this apparent anaphase arrest, chromosomes or 
chromosome fragments and associated microtubule bundles occasionally splayed 
from the spindle, but generally remained attached to one pole and often rejoined the 
main spindle mass (Fig. 2L, asterisks). 
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To confirm that damage could lead to arrest in anaphase, we assayed 
localization of a functional GFP-MEI-S332 fusion protein (Moore et al., 1998).  MEI-
S332/Shugoshin helps maintain sister chromatid cohesion and accumulates on 
centromeres at prometaphase until the metaphase-anaphase (M-A) transition, when it 
is rapidly lost from centromeres.  This abrupt loss from centromeres is clearly 
observed in control embryos expressing GFP-MEI-S332 and injected with 
rhodamine-tubulin to visualize microtubules (Figure 3A-C) (Moore et al., 1998). 
Following CPT injection, however, nuclei in a subset of embryos showed progressive 
accumulation of GFP-MEI-S332 on centromeres associated with stable, anastral 
spindles (Figure 3D-F).   These embryos thus appear to be arrested in prometaphase 
or metaphase.  In the final group of embryos, GFP-Mei-S332 also accumulated on 
centromeres.   However, after a delay with anastral spindles, GFP-MEI-S332 
localization to centromeres abruptly dropped, and this drop precisely correlated with 
an increase in astral microtubule assembly and spindle elongation (Figure 3H).  
Strikingly, GFP-MEI-S332 then rapidly relocalized to distinct foci that oscillated on 
the elongated spindles, and this configuration was stable until the recording was 
terminated  (Figure 3I). These observations indicate that DNA damage can lead to 
arrest both before and after the M-A transition.  
Interestingly, the DNA replication inhibitor aphidicholin and UV light did not 
induce mitotic arrest, but did consistently trigger mitotic delays (Figure 1).  These 
observations suggest that DSBs and stalled replication forks or UV activate distinct 
mitotic damage responses.    
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Chk2 is required for DNA damage induced mitotic arrest 
Chk2 functions in multiple DNA damage signaling pathways and is required 
for DNA damage induced centrosome inactivation in Drosophila syncytial 
blastoderm embryos (Takada et al., 2003). To determine if Chk2 is required for DNA 
damage associated mitotic delays and arrest, we assayed cell cycle progression in 
embryos derived from females homozygous for a null mutations in mnk, which 
encodes Chk2 (Figure 4A-F, Table1).  In contrast to w-1118 and Oregon-R control 
embryos, 100% of mnk mutant embryos injected with 100 µM CPT progressed 
through mitosis without significant delay.  The total time in mitosis (NEB-NEF) was 
3.8 ± 1.1 min. in mnk control embryos, and 4.5 ± 0.8 min following injection with 
100 µM CPT. As noted above, 100% of blm mutant embryos arrest in mitosis 
following injection of either 100 µM or 50 µM CPT (Figure 4 D-I, Table 1). The blm 
mutant background thus provides a particularly stringent test for Chk2 function in 
mitotic exit.  We therefore generated mnk;blm double mutant embryos and assayed 
cell cycle progression following 100 µM CPT injection.  In striking contrast to blm 
single mutants, 100% of mnk;blm double mutant embryos injected with CPT 
progressed through mitosis (Figure 4 P-R Table 1).  The total time in mitosis (NEB to 
NEF) was 5.7 ± 0.9 min in mnk;blm mutants injected with carrier control solutions, 
and 7.0 ± 1.5 min following CPT injection (Figure 4 M-R, Table 1).   This modest 
delay was not statistically significant.  In the absence of damage, blm mutants 
progress through mitosis more slowly than wild-type controls (5.9 ± 1vs 4.1 ± 0.9 in 
WT control).  We initially speculated that this was due to repair defects and Chk2  
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Figure 4. Chk2 is involved in DNA damage-induced mitotic arrest. mnk, blm and 
mnk;blm mutant embryos were injected with Oli-green and rhodamine-conjugated 
tubulin with or without 100µM CPT. (A-F) mnk embryos (A-C) Control mnk 
embryos have astral mitotic spindles and normal duration of mitosis as w1118 control 
embryos shown in Figure 1. (D-F) By contrast to CPT-injected wild type embryos 
(Figure 1), DNA damage induced by CPT injection does not induce centrosome 
inactivation and does not increase mitotic length in mnk embryos. (G-L) blm DNA 
repair mutants are hypersensitive to camptothecin. A control blm embryo undergoes 
normal cell cycle (G-I) whereas a camptothecin-injected blm displays centrosome 
inactivation and anaphase arrest (J-L). NEF fails until the recording is terminated (L 
inset). (DNA damage induced-metaphase arrest also occurs but phenotype is not 
shown. See Table 1 and supplementary movies). (M-R) mnk;blm double mutants. 
Non-treated (M-O) and CPT-injected (N-R) mnk;blm mutants are phenotypically 
indistinguishable, indicating the mnk mutation suppresses hypersensitivity to 
camptothecin caused by the blm mutation. 
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activation, but we subsequently found that the mnk mutation does not suppress this 
phenotype (5.7 ± 0.9).   The modest increase in mitotic length in blm is therefore 
Chk2-independent. By contrast, damage-induced prometaphase and anaphase arrest in 
blm mutant shows absolute dependence on Chk2. 
The ATR and Chk1 kinases have conserved functions in DNA damage 
signaling and Chk1 has been implicated in DNA damage associated metaphase to 
anaphase delays in Drosophila somatic cells (Huang et al., 2005; Royou et al., 2005).  
We therefore assayed mitotic progression following DNA damage in embryos derived 
from females mutant for mei-41 and grp, which encode ATR and Chk1 respectively.  
Both grp and mei-41 mutant embryos consistently delayed or arrested in mitosis 
following CPT injection.  In addition, CPT induced mitotic arrest in 100% of mei-
41;blm and grp;blm  double mutant embryos (Figure 5).  Chk2 functions upstream of 
p53 in damage-induced apoptosis (Brodsky et al., 2004), and we therefore assayed 
mitotic progression following damage in p53 null mutant embryos.  These embryos 
also showed a normal range of mitotic exit delay and arrest (Kelkar and Theurkauf, 
personal communication).  DNA damage induced mitotic arrest thus required Chk2, 
but is independent of ATR, Chk1, and p53. 
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Figure 5. ATR and Chk1 are not required for anaphase arrest. Embryos from 
mei-41 (ATR), grp (Chk1), mei-41;blm and grp;blm mutants were injected with 
50µM or 25 µM camptothecin, respectively, along with Oligreen and rhodamine-
tubulin and followed immediately by in vivo confocal imaging. (A-L)  mei-41 (A-D) 
and grp (G-H). The total length of mitosis 12 in the camptothecin-injected mutant 
embryos is ~11 min. This is approximately double the mitotic length of the control 
mutant embryos injected with oligreen and rhodamine- tubulin (Mitosis 12 takes 
about 5-6 min in mei41 and 6-7 min in grp mutant embryos, see Sibon et al, 1999). 
Both mei41 and grp mutant embryos exhibit centrosome inactivation at metaphase (b 
and f, open arrowheads). The centrosome foci come back at initiation of anaphase (c 
and g, open arrows). The time spent in anaphase increases in response to 
camptothecin injection in the both mutants (6.6 min in mei41 and 5.5 min in grp vs. 
~3 min in controls for which data is not shown). (I-O) mei-41;blm (I-L) and grp;blm 
(M-O). Mutations in either mei-41 or grp do not suppress blm hypersensitivity in 
response to DNA damage. 
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DNA damage stabilizes Cyclin B  
Destruction of Cyclin B is required for mitotic exit and normally begins late in 
metaphase, such that only low levels of Cyclin B are detectable during anaphase.  A 
non-degradable cyclin-B mutation leads to anaphase arrest in Drosophila embryos, 
cycling Xenopus extracts, and mammalian cells (Holloway et al., 1993; Su et al., 
1998; Wolf et al., 2006), leading us to speculate that DNA damage may lead to 
Cyclin B stabilization. We therefore assayed Cyclin B by immunofluorescence 
labeling in control and CPT treated embryos.   Consistent with earlier findings 
(Huang and Raff, 1999), we found that Cyclin B levels begin to drop late in 
metaphase, when the chromosomes are aligned at the metaphase plate but sister 
chromatids have not separated, and that Cyclin B levels are near background levels 
during anaphase (Fig 6 A-F).  In embryos treated with the DNA damaging drugs, by 
contrast, we observe robust Cyclin B accumulation on centrosomes and the spindles, 
even after chromosomes had started to move to the poles and the spindle had 
elongated (Fig 6 J-L).  As noted above, mnk mutant embryos do not delay mitosis 
following CPT injection.  Consistent with this observation, we never observed high 
levels of Cyclin B during anaphase in mnk or mnk;blm  mutant embryos treated with 
CPT (Figure 6 M-R, Figure 7). Thus DNA damage stabilizes Cyclin B through the 
M-A transition by means of a process that requires Chk2.  
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Figure 6. DNA damage triggers Chk2-dependent cyclin B stabilization. w1118 and 
mnk embryos were methanol fixed following 20µM CPT treatment or without 
treatment (control), and labeled for spindle (green), DNA (blue), and Cyclin B (Red). 
(A-F) w1118 control embryos. (A-C) Cyclin B localizes at spindle, centrosomes and 
metaphase plate at metaphase. (D-F) Cyclin B disappears from centrosomes and the 
spindle during anaphase (G-L) CPT-treated w1118 embryos. (G-I) Cyclin B localizes to 
anastral spindles and the metaphase plate, but not at centrosomes during metaphase. 
(J-L) High levels of Cyclin B persist on the spindle and centrosomes during anaphase, 
indicating DNA damage blocks Cyclin B degradation. A subset of chromosomes are 
dispersed and spindle structure is abnormal. This spindle and chromosome 
morphology is indicative of anaphase arrest. (M-R) CPT-treated mnk embryos in 
metaphase (M-O) and anaphase (P-R). Cyclin B dynamics is similar to w1118 control 
embryos, indicating the Chk2 mutation abolishes DNA damage-induced Cyclin B 
stabilization. 
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Mad2 required for damage induced prometaphase and anaphase arrest. 
 The SAC is a surveillance system that inhibits the anaphase promoting 
complex/cyclosome (APC/C) until all chromosomes are aligned at the metaphase 
plate.  Chromosome alignment leads to activation of Cdc20/Fizzy, which promotes 
APC/C dependent destruction of proteins, including Securin and Cyclin B, thus 
driving mitotic exit (Chan et al., 2000; Hoyt, 2001).  To determine if the SAC is 
required for mitotic delays in early embryos, we assayed mitotic progression and 
Cyclin B localization in embryos derived from females homozygous for a null 
mutation in mad2 (Buffin et al., 2007). We confirmed that Mad2 is required for SAC 
function by injecting control and mad2 mutant embryos with the microtubule 
assembly inhibitor colchicine and monitoring cell cycle progression. 100% of wild 
type embryos injected with colchicine arrested in mitosis for over 20 minutes.   
Similarly, 100% of mnk mutant embryos arrested in mitosis following colchicine 
injection, indicating that Chk2 is not required for the SAC (Table 1, Figure 8).   By 
contrast, 100% of colchicine injected mad2 mutant embryos exited mitosis (Figure 9 
III).   However, these embryos did show a modest but statistically significant delay in 
mitosis.  Microtubule disruption can therefore trigger modest Mad2-independent 
mitotic delays. mad2 mutants that progressed into mitosis following DNA damage 
showed centrosome inactivation and anastral spindles assembled, indicating that 
Chk2 signaling is intact (Figure 9C).  Nonetheless, 100% of mutant embryos initiated 
anaphase and exited mitosis, indicating Mad2 is required for metaphase and anaphase 
arrest (Figure 9I, Table 1).  
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Figure 9. Mad2 is required for mitotic arrest in response to DNA damage. (I) 
Mad2 is required for mitotic arrest in response to DNA damage (A-C) In control 
mad2 embryos, total duration of mitosis is ~ 4 to 5 min and centrosomes actively 
nucleate microtubule asters throughout mitosis. (D-F) CPT injected mad2 embryos 
show centrosome inactivation (E), delay before the M-A transition, and then exit from 
mitosis, suggesting Mad2 is not required for mitotic delay. However, Mad2 is 
essential for mitotic arrest (See Table 1). (II) DNA damage triggers Chk2-mediated 
but Mad2-independent mitotic delay. Duration of mitosis (NEB-NEF), metaphase 
length (NEB-M/A) and anaphase length (M/A-NEF) are compared in control- and 
damaged-w1118, mnk and mad2 embryos. In damaged w1118 and mad2, prometaphase 
length increases but anaphase length is unaffected.  Mitotic length in mnk embryos 
does not increase upon DNA damage. (III) DNA damage may trigger a mitotic delay 
in a spindle checkpoint (SAC)-independent manner. To determine whether SAC is 
required for mitotic delay, total duration of mitosis following double injection of CPT 
and colchicines in mad2 embryos is compared to mitosis length after either single 
drug injection in mad2 mutant embryos. Double drug injection slightly increases 
mitotic length compared with either single injection, although the difference was mild 
(t test P = 0.17).  
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To determine if additional SAC components are required for damage induced 
mitotic delays, we assayed zw10 null mutant embryos for progression through mitosis 
following DNA damage.   Null mutations in zw10 are lethal, so we used germ-line 
clones to generate mutant embryos (Williams et al., 1992).  These embryos show high 
rates of spontaneous mitotic defects, which complicated interpretation of these 
experiments.  Nonetheless, we did not observe mitotic arrest in any of the control or 
CPT-injected zw10 mutant embryos analyzed, suggesting that an intact SAC is 
essential for DNA damage-induced mitotic arrest (Figure 10).  
However, CPT did trigger modest delays in mitotic exit in mad2 mutant 
embryos (6.4 ± 1.1 min vs. 4.4 ± 0.8 min. in controls) (Figure 9 II, Table 1).   Similar 
delays were observed following microtubule depolymerization, suggesting that the 
mitotic exit delays following CPT treatment may be secondary to spindle disruption.  
Alternatively, damage signaling and microtubule disruption could delay mitotic exit 
by independent mechanisms.  Consistent with this hypothesis, mad2 mutant embryos 
injected with colchicine and CPT delayed in mitosis longer than mad2 mutant treated 
with either agent alone (Figure 9 III).  However, the additional delay was modest (t-
test P= 0.17) and somewhat difficult to interpret.  By contrast, both mnk and mad2 
mutations consistently suppressed damage induced mitotic arrest, demonstrating that 
both Mad2 and Chk2 are required for this DNA damage response. 
To genetically assay for interactions between Mad2 and Chk2, we attempted 
to construct mnk;mad2 double mutants.  Less than 1% of the expected double mutant 
adults were recovered, and these adults were sterile. The lethality appears to occur  
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during embryogenesis, larval and pupal development.  This negative genetic 
interaction is striking, as animals homozygous for null alleles of either mnk or mad2 
are viable and fertile.   This zygotic lethal phenotype is currently under investigation.   
 
Spindle checkpoint proteins and Cdc20/Fizzy  relocalize to kinetochores during 
anaphase arrest. 
Active SAC proteins localize to unattached kinetochores, and dissociate from 
kinetochores following chromosome alignment at the metaphase plate (Musacchio 
and Salmon, 2007).  The SAC inhibits Cdc20/Fizzy, which also localizes to 
unattached kinetochores and dissociates from kinetochores after alignment (Raff et 
al., 2002). Localization of Cdc20/Fizzy thus provides an indicator of SAC activity. To 
gain further insight into the role of the SAC during damage induced mitotic delays, 
we therefore directly monitored localization of a functional GFP-Fizzy fusion protein 
by time-lapse confocal microscopy.  Embryos were injected with rhodamine-tubulin 
and CPT, allowing direct visualization of spindle assembly and mitotic progression.  
In control embryos, GFP-Fizzy localized to kinetochores through the metaphase to 
anaphase transition, and localization rapidly declined during anaphase (Figure 11A-
D) (Raff et al., 2002).  During CPT induced prometaphase arrest, by contrast, GFP-
Fizzy remained localized to kinetochores for a minimum of 20 minutes (Figure 11E-
H). As noted above, GFP-MEI-S332 is also retained at centromeres during 
prometaphase arrest (Figure 2).   In CPT-treated embryos that ultimately arrested in  
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anaphase, GFP-Fizzy localized to kinetochore through metaphase, and kinetochore 
localization  
dropped dramatically as the spindles elongated at the onset of anaphase.  However, 
the fusion protein rapidly localized to distinct foci as the cell cycle arrested in 
anaphase.  These foci oscillated on the elongated spindle during anaphase arrest 
(Figure 11. I-L).  By contrast, GFP-Fizzy did not relocalize to kinetochores in mnk 
mutants treated with CPT (Figure 11. M-P).  An essentially identical relocalization 
pattern was observed with GFP-Mad2 and GFP-Mps1, although the signal for these 
fusions was weak and kinetochores were somewhat difficult to track (Figure 12). 
These findings confirm that DNA damage can lead to anaphase arrest, and suggest 
that this arrest is the result of SAC reactivation.   
 
Centromere integrity and mitotic arrest  
 Damage to centromere DNA is proposed to disrupt kinetochore structure and 
function, and could therefore indirectly activate the SAC (Mikhailov et al., 2002).  To 
directly assay the integrity of centromere DNA in embryos treated with CPT, we used 
fluorescent in situ hybridization (FISH) to localize dodeca satellite sequences, which 
are largely restricted to centromeric heterochromatin on chromosome 3 (Abad et al., 
1992; Abad JP, 1992). During metaphase in controls of w1118 and mnk embryos, we 
observed two prominent pairs of closely spaced foci associated with the replicated 
maternal and paternal third chromosomes, and one or two more minor foci. During 
anaphase, two major foci were present on each half spindle (4 dots per nuclei)(Figure  
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13 A, C).  Following CPT treatment, by contrast, we observed multiple smaller foci 
during both metaphase and anaphase (figure 13B).  Essentially identical 
fragmentation of the dodeca satellite signal was observed in CPT treated mnk mutants 
(Figure 13D), which do not delay in mitosis.  Significantly, mnk mutants arrest in 
mitosis indefinitely in response to microtubule depolymerization, indicating that the 
SAC is functional.  We therefore conclude that fragmentation of centromere DNA is 
not sufficient to activate the SAC, and that damage-induced mitotic delays in 
syncytial embryos results from DNA damage signaling through Chk2. 
 
A functional GFP-Chk2 fusion localizes to centromeres and centrosomes 
 We previously found that Chk2 functions in a pathway that disrupts 
centrosome function and spindle assembly in response to DNA damage (Takada et 
al., 2003).  Here we show that Chk2 functions with SAC components to control 
mitotic exit.  Chk2 could directly modify the division machinery and SAC 
components, or activate intermediate factors that disrupt mitosis. To begin to address 
the mechanism of Chk2 damage signaling to the division machinery, we generated at 
GFP-Chk2 fusion and assayed localization and function during mitosis.  For these 
studies, we crossed a GFP-Chk2 transgene into mnk mutants. The resulting embryos 
were injected with CPT and rhodamine-tubulin and assayed for centrosome 
inactivation and mitotic delays by time-lapse confocal microscopy.  In contrast to 
parental mnk mutants, these embryo showed centrosome inactivation and delayed in 
mitosis following DNA damage (Figure 14E-H, centrosome inactivation Figure 14F  
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Figure 14. Chk2 localizes to centromeres and centrosomes. (I) live analysis was 
performed after Rhodamin-tubulin injection with or without CPT in the mnk embryos 
expressing GFP-Chk2. (A-C) In the control embryo, Chk2 is found in the nucleus and 
on centrosomes during interphase to NEB (A). After NEB, Chk2 localizes at 
kinetochore regions at metaphase (B), disappears from kinetochores at the M-A 
transition (C), and then is found in a dot that appears to be midbody (D, arrow). 
Throughout mitosis, Chk2 is detected on centrosome (E-H) In the CPT-injected mnk 
embryo expressing GFP-Chk2, DNA damage triggers centrosome inactivation (F 
inset) and anaphase arrest, indicating GFP-Chk2 is functional. Chk2 dynamic 
localization is similar to the control except continuous localization at kinetochore 
regions (G and H). Chk2 is found on centrosome when centrosome inactivation 
occurs (F). (II) To determine Chk2 localization on centrosomes and centromeres, the 
mnk embryos expressing GFP-Chk2 were fixed and labeled with CNN (blue) or MEI-
S332 (Red). Chk2 colocalizes with CNN on the centrosome and with Mei-S332 at 
centromeres during mitosis. 
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inset), indicating functional rescue by the GFP fused transgene.  The functional GFP 
fusion was largely restricted to the nucleus during interphase, although signal was 
also observed at foci that appeared to be centrosomes. Following nuclear envelope 
breakdown, centrosome localization increased, and smaller foci that moved to the 
metaphase plate and appeared to represent kinetochores were observed (Figure 14B).   
Colocalization with MEI-S322 and CNN confirmed that GFP-Chk2 localizes to 
centromeres and centrosomes (Figure 14 II).  During anaphase, kinetochore 
localization was lost (Figure 14. C), and the fusion protein transiently accumulated in 
a dot that appeared to be at the center of the midbody (arrow, Figure 8D).  The 
chromosomal passenger proteins Aurora B, CENP-C and Survivin show a remarkably 
similar localization pattern. These findings suggest that Chk2 controls mitotic 
progression by regulating the SAC or passenger protein complex.  
We also analyzed GFP-Chk2 localization after CPT injection (Figure 14E-H). 
Consistent with previous immunocytochemical studies, GFP-Chk2 persisted on 
centrosomes through metaphase. During progression into anaphase and during 
anaphase arrest GFP-Chk2 continuously localized to kinetochores.   These findings 
suggest that Chk2 could directly modify centrosome proteins and components of the 
SCC to trigger centrosome inactivation and mitotic exit arrest.     
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DISCUSSION 
 
Studies in a number of systems indicate that DNA damage leads to delays in 
mitosis that required the spindle assembly checkpoint.  The mechanism of these 
mitotic delays and SAC activation, however, remains controversial.   Several recent 
studies has implicated signaling through Chk1 or Chk2 in this process, while Rieder 
and colleagues have proposed that SAC activation is secondary to DNA break 
formation in centromere DNA (Mikhailov et al., 2002).  Here we analyze the mitotic 
response to DNA damage in syncytial Drosophila embryos, which support time-lapse 
analysis of mitotic progression and genetic dissection of DNA damage signaling.   
These studies show that both Chk2 and the SAC component Mad2 are required for 
damage induced mitotic exit delays, and that these delays can be imposed both before 
and after the M-A transition.  Furthermore, we present evidence that fragmentation of 
centromere DNA is not sufficient to activate the SAC.  These observations lead us to 
propose that mitotic progression in syncytial embryos is controlled by a Chk2-
dependent DNA damage signaling pathway that delays mitotic exit by activating the 
SAC.  
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DNA damage triggers mitotic delays in syncytial embryos 
Our in vivo studies revealed three different phenotypes associated with 
damaging agents, which appear to represent dosage dependent responses to DNA 
breaks. In regions of the embryo distant form the injection site, which presumably 
accumulate lower levels of DNA damage, we observed delays in prometaphase 
followed by mitotic exit with anaphase chromosome segregation defects. Near the 
injection site, by contrast, we often observed prolonged prometaphase arrest, stable 
anastral spindles, and no indication of anaphase onset.   Finally, at intermediate 
regions of the embryo, astral spindles formed, but a delay in this configuration was 
abruptly terminated as the spindles elongated, astral microtubule assembly increased, 
chromosomes moved toward the pole. However, mitotic exit was not completed and 
chromosomes oscillated on the elongated spindles in a prolonged anaphase arrest.  
Anaphase arrest was confirmed by time-lapse analysis of GFP fusions to Mei-
S332, Fizzy, Mad2 and Mps1.  All of these proteins normally dissociate from 
centromeres or kinetochores at the M-A transition and do not relocalize to 
centromeres or kinetochores until the following mitosis.  Following damage, 
however, all of these proteins transiently dissociate from kinetochores and rapidly 
reassociate with the separated chromosomes, which oscillate on elongated "anaphase" 
spindles.  
Mitotic arrest after chromosome separation does not appear to be specific to 
the syncytial embryo. In yeast, cell cycle arrest at mid-anaphase is observed when 
dicentric chromosomes are present, and non-degradable Cyclin B triggers anaphase 
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arrest in Drosophila, Xenopus, and mammalian cells (Holloway et al., 1993; Su et al., 
1998; Wolf et al., 2006; Yang et al., 1997). Consistent with these observations, 
Cyclin B levels remain high during DNA damage-induced anaphase arrest in 
syncytial embryos. In mammalian cells, DNA damage is reported to trigger pseudo-
metaphase arrest with high levels of Cyclin B, pole-ward movements of at least a 
subset of chromosomes (Nitta M, 2004).  As observed here, this arrest appears to 
require the SAC. These observations suggest that anaphase arrest and Cyclin B 
stabilization is a conserved response to DNA damage.   Arrest at this late mitotic 
phase prevents propagation of damage-induced mutations, and may therefore provide 
an important "last chance" genome maintenance mechanism.   
 
Chk2 is required for DNA damage induced mitotic arrest in syncytial embryos 
To address the role of DNA damage signaling proteins in the mitotic response 
to DNA damage, we assayed embryos derived from females that were homozygous 
for null alleles of mei-41 (ATR), grp (Chk1), p53, and mnk (Chk2).  The mei-41, grp, 
and p53 mutants showed a normal spectrum of mitotic delays and arrest, while mnk 
mutants that lack Chk2 were completely resistant to DNA damage induced mitotic 
arrest, Chk1, by contrast, functions in the syncytial blastoderm stage DNA replication 
checkpoint pathway(Sibon et al., 1999; Sibon et al., 1997), but does not appear to 
play a role in the mitotic response to damage during this developmental window.   By 
contrast, Chk1 has been implicated in DNA damage induced mitotic exit control 
during the later somatic divisions in Drosophila embryos (Royou et al., 2005), and  
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Chk1 also appears to control  mitotic exit in mammalian cells irradiated during 
inhibitor induced mitotic arrest (Huang et al., 2005). By contrast, we have found that 
transgenic expression of human Chk2 rescues DNA damage-triggered mitotic delays 
in mnk mutants (Appendix I). In addition, human colorectal cancer cells (HCT116) 
delay in mitosis following damage, while chk2 mutant HCT116 cells do not (Hanne 
Varmark and Theurkauf, personal communication). Chk1 and Chk2 participate in 
mitotic arrest in response to DNA damage in yeast (Agarwal et al., 2003), and Chk1 
and Chk2 often function redundantly in DNA damage signaling (Niida and 
Nakanishi, 2006).  Taken together, these findings suggest that both of these kinases 
control mitotic exit, and that the dominant kinase mediating varies between cells and 
is organisms specific (Rhind and Russell, 2000).   
How is Chk2 activated during mitosis? ATM activates Chk2 in other contexts 
(Burma et al., 2001), and could it control Chk2 activity during mitosis.  Strong 
mutations in the Drosophila atm gene are lethal, making direct tests of this possibility 
in syncytial embryos difficult.   Phosphorylation of histone H2Av (the H2AX 
homologue in Drosophila), by ATM appears to amplify the damage signal and is 
required for some DNA damage responses (Burma et al., 2001; Kang et al., 2005).  
We find that embryos from flies carrying H2AX phosphorylation site mutants arrest 
in mitosis following DNA damage arrest (Appendix III).  This observation suggests 
that Chk2 may be activated by an ATM- independent mechanism.  However, a 
number of ATM dependent damage responses do not required H2Av 
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phosphorylation.  The mechanism of Chk2 activation during mitosis thus remains to 
be determined. 
 
 
 The SAC is required for prometaphase and anaphase arrest.  
The SAC is required for mitotic arrest in response to DNA damage in systems 
ranging from yeast to mammalian cultured cells. Consistent with these observations, 
we find that mutations in zw10 and mad2 suppress damage-induced mitotic exit 
delays in syncytial embryos. Surprisingly, these mutations completely eliminate 
damage induced arrest in both prometaphase and anaphase.  These functional 
observations suggest that damage leads to SAC activation during anaphase. SCC 
proteins normally localize to kinetochores through prometaphase and disappear as 
microtubule attachment is established and chromosomes are oriented at the metaphase 
plate.   SCC localization at kinetochores is therefore tightly linked to SAC activity.  
Significantly, we find that, during damage-induced anaphase arrest, GFP-Mad2 and 
the APC/C activator and SAC target GFP-Fizzy dissociate from kinetochores on 
anaphase onset, but rapidly reassociate with chromosomes in a Chk2-dependent 
manner (Figure 11 and figure 12). These observations suggest that DNA damage 
signaling through Chk2 maintains SAC activity during anaphase, or it reactivates the 
SAC following the M-A transition, and thus blocks Cyclin B destruction and mitotic 
exit. 
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 The dynamic redistribution of GFP-Chk2 suggests that this conserved kinase 
may directly target proteins required for spindle assembly and mitotic progression.  
We show that GFP-Chk2 localizes predominantly to nuclei during interphase, 
consistent with previous studies.  During prometaphase and metaphase, however, 
GFP-Chk2 associates with both centrosomes and the centromere regions of mitotic 
chromosomes (Figure 14).  During anaphase, GFP-Chk2 maintains association with 
centrosomes, but dissociates from the centromeres, and transiently localizes to the 
center of the midbody.  These findings suggest that Chk2 may directly phosphorylate 
centrosome proteins required for microtubule nucleation, including components of the 
γ Tubulin ring complex (TuRC), and SCC proteins or Cdc20, which localizes at 
kinetochores.  The dynamic mitotic localization pattern of Chk2 is strikingly similar 
to that of chromosomal passenger proteins, which control multiple aspects of 
chromosome segregation, spindle assembly and mitotic progression.   It is therefore 
possible that Chk2 modulates passenger protein activity to control mitotic 
progression.  
The kinetochore has a central role in sensing chromosome alignment and 
activating the SAC (Cleveland et al., 2003). DNA damage has been proposed to delay 
mitosis by fragmenting centromere DNA, and thus disrupting kinetochore function.  
However, there is no data directly linking centromere DNA integrity to kinetochore 
function.  Using FISH for a third chromosome satellite sequence, we show that CPT 
treatment does lead to fragmentation of centromere DNA.  However, in mnk mutant 
embryos this does not lead to mitotic exit delays.  Significantly, we show that mnk 
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mutant embryos arrest indefinitely following microtubule depolymerization, 
demonstrating that the SAC is functional. These studies show that functional 
kinetochores can assemble on a fragmented DNA scaffold, and that centromere DNA 
damage alone is not sufficient to activate the SAC.  
 
Is SAC activity spatially regulated? 
As embryos progress into DNA damaged anaphase arrest, MEI-S332 
dissociates from centromeres, and centromeric satellite sequences appear to separate. 
In addition, Mad2, MPS1, and Mad2 temporally dissociate from kinetochores as 
MEI-S332 during anaphase arrest. These findings suggest that chromosomes have 
aligned, the SAC has been inactivated, leading to APC/C activation and separase-
dependent sister chromosome disjunction.  Cyclin B is also a target for the APC/C 
and normally begins to degrade prior to sister chromatid separation. However, 
following damage, we find that Cyclin B levels remain high through mitosis and into 
anaphase (figure 4).  This correlates with relocalization of SCC proteins to 
kinetochores.  These findings lead us to propose a two-step model for DNA damage 
control of mitotic exit.  In this model, damage signaling through Chk2 first disrupts 
centrosome function and spindle assembly, blocking chromosome alignment and 
activating the SAC.  In response to high levels of damage, spindle function is so 
compromised that bipolar chromosome orientation is never achieved, leading to 
prometaphase arrest.  With lower levels of damage, however, sufficient spindle 
function is recovered to achieve chromosome orientation after a delay.  This satisfies 
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the kinetochore-associated SAC, leading to local APC/C activation and chromatid 
disjunction.  However, we propose that continued damage signaling though Chk2 
maintains SAC function in other regions of the cell, blocking Cyclin B destruction in 
the cytoplasm and on the spindle, thus blocking mitotic exit.  In this model, the SAC 
is not "reactivated" during anaphase.  Instead, the block to Cyclin B destruction leads 
to SCC reassociation with kinetochores, which is observed when non-degradable 
Cyclin B is expressed in embryos (Parry et al., 2003). Supporting this model, Cyclin 
B levels normally decline before anaphase onset, but appear to remain high through 
metaphase following DNA damage.  If the SAC were reactivated during anaphase, we 
would expect to see a normal decline in Cyclin B prior to anaphase, when 
chromosomes aligned and the kinetochore associated SAC was satisfied.     
It is unclear how Chk2 activates the SAC to block mitotic exit.  Key SCC 
components and targets, including Mad2 and Cdc20, dynamically associate with 
kinetochores.  Chk2 also localizes to the kinetochore region, suggesting that Chk2 
could modify and activate one or more SCC proteins as they transiently associate 
with kinetochores.   However, it seems likely that kinetochore bound Chk2 could 
activate SCC components controlling Cyclin B destruction, while allowing SAC 
inactivation in the same domain, allowing chromatid separation. However, SCC 
proteins and Chk2 also localize to centrosomes, raising the possibility that damage 
dependent SAC activation takes place at the spindle pole. In supports of this model,  
SCC proteins were not detected on centrosomes during arrest both before and after 
the M-A transition, in contrast to localization at the centrosomes in normal 
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conditions. The dynamics of Chk2 and passenger protein localization during mitosis 
are strikingly similar. Moreover, Chk2 remains associated with kinetochores during 
DNA damage induced anaphase arrest, and INCENP retains centromere association 
though anaphase in the presence of non-degradable Cyclin B (Parry et al., 2003).  
These observations suggest that Chk2 may control mitotic exit and spindle function 
by modulating the activity of the passenger protein complex. The substrates for Chk2 
during damage induced mitotic arrest, however, remain to be been defined.    
We speculate that the biological function of this mitotic damage response is to 
maintain DNA integrity.  Cells that arrest in mitosis indefinitely are removed from the 
pool of proliferating cells.   The fate of cells that exit mitosis after a delay is less 
clear.  However, in the syncytial embryos the resulting nuclei invariably dissociate 
from the cortex and therefore do not contribute to the blastoderm embryo (Takada et 
al., 2003).  In somatic cells, we speculate that damage induced mitotic delays may be 
followed by senescence or apoptosis, which would also limit propagation of damage 
induced mutations.     
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MATERIALS AND METHODS 
 
Mutant strains 
Oreogon R was used for wild type control. w1118  also was used for control since most 
strains analyzed were w1118 in the background. mnk 6006 (Abdu et al., 2002), grpfs(A)4, 
mei41D3 (Sibon et al., 2000; Sibon et al., 1997), 309D2, 309D3  (Kusano et al., 1999), 
mad2p (Buffin et al., 2007), and zw10S1 alleles were tested for defects in DNA 
damage-induced mitotic delays. Using FRT/FLP system (Chou and Perrimon, 1996), 
homozygous zw10 germ-line clone was generated following the procedures 
previously described (Williams and Goldberg, 1994). To obtain embryos for 
microinjection or immunostaining, the homozygous mutant females were crossed 
with heterozygous male siblings. To determine the dynamics of proteins following 
DNA damage by live analysis, GFP-Mei-S332 (Moore et al., 1998), GFP-Fizzy 
(Huang and Raff, 1999), GFP-Mad2 (Buffin et al., 2005), and GFP-MPS1 (Fischer et 
al., 2004) were tested.  
 
DNA damaging drugs/replication inhibitors  
The DNA damaging drugs used include camptothecin (Sigma), etoposide (Sigma), 
bleomycin sulfate (Sigma) and aphidicolin (Sigma).  
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Microinjections and time-lapse confocal microscopy 
 For in vivo analysis of the effects of DNA damaging agents, embryos were injected 
or treated as follows. A collection of 0-2 h old embryos was hand dechorionated, 
arranged in a line on an adhesive-coated coverslip and dehydrated for 5 min on a bed 
of Drierite in a petri-dish (Theurkauf and Heck, 1999). The DNA damaging drugs 
were mixed with Oligreen (Molecular Probes, at 1:20 dilution) and Rhodamine-
labeled tubulin  (Cytoskeleton, at 5mg/ml) to observe chromatin and microtubules, 
respectively, and injected manually into the embryos. Immediately following the 
injections, live confocal imaging was initiated using a Leica TCS-SP inverted laser-
scanning microscope. The frames were captured at 10 s intervals. For inflicting UV 
damage, DAPI was mixed with Oligreen and rhodamine-labeled tubulin and the 
injected embryos were briefly shined with UV light through the objective lens during 
the course of imaging. 
 
Immunostaining  
Immunostaining was performed as described previously (Theurkauf, 1994). For 
treating with a drug, embryos were bleach dechorionated, and transferred to a 1:1 
mixture of octane and Robb’s buffer containing the drug at a desired concentration 
(Theurkauf and Heck, 1999). Antibodies used for immunostaining were anti-Cyclin B 
(santa cruz, 1:250) and Mouse anti-Histone (1:200, Sigma). The immunostained 
embryos were analyzed using Leica TCS-SP inverted laser-scanning microscope.  
 77 
 
 
Dodecasatellite DNA Probe Preparation 
A 450bp dodecasatellite fragment was obtained by PCR amplification of plasmid 
DNA (generously provided by Alfredo Villasante) using T7 and T3 primers.  To 
generate smaller fragments, amplified DNA was enzymatically digested with HaeIII, 
MspI or Sau3A1 (in PCR buffer conditions) overnight at 37˚C.  Following overnight 
digestion, a 30 min digestion with RsaI was performed.  The small fragments were 
precipitated with 0.1 volume of 3M sodium acetate, 2.5 volumes of 100% ethanol and 
0.1mg/ml glycogen (1 µl -20mg/ml stock/ 200µl).  The solution was placed at -80˚C 
for 1 hour followed by centrifugation for 30 min at 4˚C and the resulting pellet was 
washed with 75% ethanol and air-dried before continuing. The DNA fragments were 
labeled using ARES Alexa Fluor 555 DNA Labeling Kit (Invitrogen) according 
to the manufacturer’s instructions.  The labeled DNA fragments were precipitated as 
above and resuspended in dH2O. 
 
Fluorescent In situ hybridization (FISH) 
W1118 and mnk embryos were prepared as described previously (Theurkauf and Heck, 
1999). Procedure for FISH was slightly modified from a protocol described 
previously for mitotic chromosome (Abdu et al., 2002). Hybridized embryos were 
washed with PBST and subject to immunostaining as described above using DM1A-
α-tubulin (sigma, 1:500). 
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CHAPTER III 
 
CONCLUSIONS 
 
I have characterized cytological and molecular mechanisms for DNA damage-
induced mitotic delays in early Drosophila embryos by performing in vivo analysis. I 
have shown that DNA damage triggers mitotic delays and arrest at either metaphase 
or anaphase, which appears to be dependent on the degree of DNA damage. 
Moreover, I determined that Chk2 and Mad2 mediate Cyclin B stabilization to block 
mitotic exit upon DNA damage. 
In contrast to a previous report (Mikhailov et al., 2002), I found that 
centromere fragmentation is not sufficient for SAC activation. In addition, I also 
found that SAC components and Cdc20 dissociate from kinetochores, and rapidly 
relocalize and remain at kinetochores in a Chk2-dependent manner during DNA 
damage-induced anaphase arrest. Taken together, I have shown that DNA damage 
triggers Mad2-mediated mitotic arrest at both metaphase and anaphase through Chk2 
in Drosophila embryos. 
 
 
Cyclin B stabilization triggers mitotic arrest in response to DNA damage 
Sequential degradation of Cyclin A, B and B3 are required for mitotic 
progression in Drosophila embryos (Sigrist et al., 1995; Su et al., 1998). Is 
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degradation of other Cyclins blocked in response to DNA damage, in addition to 
Cyclin B? We have recently shown that DNA damage caused by incomplete DNA 
replication triggers the accumulation of Cyclin A through active Chk2 during 
syncytial divisions (Takada et al., 2007). I also determined Cyclin B3 is stabilized at 
centrosomes and spindles following DNA damage in Drosophila early embryos 
(appendix III). Taken together, DNA damage appears to block degradation of all 
Cyclins including Cyclin B, Cyclin A and Cyclin B3. 
    Does Cyclin A and B3 stabilization block mitotic exit? Non-degradable 
Cyclin A, B and B3 arrest cell cycle at prometaphase, anaphase, and late 
anaphase/telophase, respectively (Sigrist et al., 1995; Su et al., 1998). It is possible 
that Cyclin A accumulation triggers prometaphase arrest and Cyclin B accumulation 
triggers anaphase arrest. However, recent data showed that overexpression of non-
degradable Cyclin B triggers metaphase arrest (Wolf et al., 2006), suggesting Cyclin 
B may be a major determinant among Cyclins for mitotic arrest. In addition, Edgar et 
al., showed that a spindle inhibitor, colcemid blocks Cyclin B degradation, but not 
Cyclin A, leading to metaphase arrest (Edgar et al., 1994). They proposed that Cyclin 
A appears to be degraded by fully active Cdk1 following its temporal accumulation. 
We also observed that high levels of Cyclin B lead to mitotic arrest in response to 
DNA damage. Conversely, no mitotic arrest phenotypes were observed when Cyclin 
B levels were dropped.  Taken together, it seems that stable Cyclin B is sufficient to 
cause mitotic arrest.  
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Mad2-independent mitotic delay in response to DNA damage 
  Mutations in mad2 abolished mitotic arrest after DNA damage in early 
Drosophila embryos, consistent with previous reports in mammals. However, I 
observed that the mitotic delay accompanies centrosome inactivation and defects in 
spindle assembly in damaged mad2 mutant embryos. It is possible that the mitotic 
delay in mad2 mutants is secondary to spindle disruption, since treatment with 
microtubule depolymerizing drug also triggers mitotic delay in these embryos. 
Alternatively, a SAC-independent machinery may be activated and trigger mitotic 
delay. To test these possibilities, live analyses was performed following double 
injection with colchicine and CPT into mad2 mutant embryos. I found that double 
injection causes a longer mitotic delay than either single drug injection in mad2 
embryos, suggesting that a SAC-independent mechanism may be responsible for the 
mitotic delay in the presence of DNA damage. However, the difference is mild which 
makes it difficult to interpret. 
It is possible that mad2-independent residual SAC proteins sense spindle 
disruption triggered by DNA damage. We observed that mutations in zw10 cause 
mitotic delay with spindle disruption, suggesting that Zw10 is not required for mitotic 
delay. Recently, BubR1 was reported to activate the SAC in a Mad2-independent 
manner after chromosomes are aligned, although Mad2 plays a critical role to activate 
SAC by unattached kinetochore (Orr et al., 2007). We observed DNA damage-
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induced mitotic delay before chromosome alignment in mad2 mutant embryos, and it 
appears that BubR1 is not a player. 
Centrosomin (CNN) is a core component of centrosome. Mutations in cnn 
trigger loss of centrosome function and formation of anastral mitotic spindles, leading 
to mitotic delay. Phenotypes of cnn mutants are very similar to those in DNA 
damaged syncytial embryos (Vaizel-Ohayon and Schejter, 1999). Interestingly, 
Buffin et al., reported that mutations in mad2 completely suppress the mitotic delay 
caused by cnn mutation (Buffin et al., 2007). By contrast, they observed a mitotic 
delay in 18% of control mad2 mutant neuroblast cells suggesting a SAC-independent 
machinery triggers a mitotic delay in mad2 mutants neuroblasts. Taken together, I 
propose that DNA damage also activates a SAC-independent machinery that controls 
metaphase and anaphase transition, such as APC/C components, proteosome, or 
Cyclins. 
 
Dose Chk2 function as a kinase to trigger mitotic response following DNA 
damage? 
  Chk2 is a functionally conserved kinase that phosphorylates its substrates to 
arrest the cell cycle, and it is involved in apoptosis following DNA damage as part of 
the conventional checkpoint pathways. Since phosphorylation events are critical for 
mitotic progression, we assume that Chk2 kinase activity is presumably required for 
mitotic delays. 
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To address the mechanism of Chk2 signaling to mitotic machinery and to test 
Chk2 kinase activity, we generated transgenic flies expressing either Drosophila 
Chk2 or Chk2 kinase deficiency mutant (Chk2KD), both fused to GFP Chk2KD as 
described previously (Peters et al., 2002). In neuroblast, Chk2 phosphorylates p53 
which leads to DNA damage-induced apoptosis (Peters et al., 2002). Chk2 kinase 
activity is required for p53-dependent apoptosis since Chk2KD does not 
phosphorylate and activate p53. Surprisingly however, our preliminary data show 
that, in addition to GFP-Chk2 WT, GFP-Chk2KD rescues all mitotic defects in 
response to DNA damage in mnk mutant embryos (Takada S. and Theurkauf W, 
personal communication). Furthermore, human Chk2KD also rescues centrosome 
inactivation following DNA damage in mnk mutant background (Appendix I). Is 
Chk2 kinase activity dispensable for activation of the mitotic machinery in response 
to DNA damage? We observed Chk2 phosphorylation in response to DNA damage 
generated by incomplete DNA replication (Takada et al., 2007). In addition, we 
observed that γ-tubulin and CNN are modified in a Chk2-dependent manner in the 
presence of DNA damage (Appendix II). These suggest that active Chk2 modifies γ-
tubulin and CNN. However, it is formally possible that the modified Chk2 
(phosphorylated Chk2) without kinase activity interacts with and controls an 
unknown intermediate, which in turn regulates γ-tubulin and CNN modification. 
Unlike in ovary where Chk2 is abundant, embryos during early developmental stages 
may tightly regulate Chk2 protein levels for accurate signal transduction in response 
to DNA damage. Since overexpressing Chk2KD may generate an artificial cellular 
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situation, and thus being able to rescue the mnk phenotype, Chk2KD expression 
driven by its own Mnk promotor may be required to determine whether kinase 
activity is involved in this process.  
 
Chk2-mediated parallel pathways may lead to anaphase arrest during mitosis in 
response to DNA damage 
We have observed three different phenotypes in response to DNA damage 
mitotic delay, metaphase arrest and anaphase arrest accompanied by centrosome 
inactivation and spindle disruption. High dosage of DNA damaging drugs trigger 
spindle disruption and chromosome alignment failure leading to metaphase arrest. It 
appears that Chk2-dependent centrosome inactivation and anastral mitotic spindles 
lead to failure of chromosome bi-orientation that activates SAC. By contrast, in 
response to lower dosage of DNA damage, the spindle function is sufficient to align 
chromosomes following the prolonged mitotic delay. Subsequently, SAC is 
inactivated and chromatids are separated by active APC/C to initiate anaphase. 
Therefore, it appears that, in addition to SAC activation by the unattached 
kinetochore, a Chk2- and SAC-mediated machinery is activated to block mitotic exit 
in response to DNA damage.  
SAC relocalization at kinetochores after anaphase initiation implies that SAC 
is probably reactivated to arrest at anaphase following DNA damage. Murray and 
coworkers showed that overexpression of Mps1 after chromosome segregation 
triggers anaphase arrest in a Mad2-dependent manner (Palframan et al., 2006), 
 84 
suggesting that the SAC can be reactivated during anaphase. In this model, as soon as 
chromosomes are aligned, Cyclin B and securin are degraded. However, Chk2 
reactivates the SAC, which causes cell cycle arrest during anaphase.  
To test this model, we examined changes in Cyclin B levels at the M-A 
transition following DNA damage. Cyclin B destruction starts before chromosomes 
segregation in the normal condition. We carefully examined the Cyclin B levels on 
the spindle and centrosome and found that Cyclin B remains abundant even when 
chromosomes are aligned and separated. This suggests that Cyclin B level may not 
change at M-A transition and that SAC is probably not reactivated for anaphase 
arrest. 
The other possibility is that both Chk2 and SAC continuously trigger 
inhibition of Cyclin B degradation in non-kinetochore regions such as cytoplasm and 
spindles. Recently, it was proposed that cytosolic SAC components (SCC) regulate 
mitotic timing, while kinetochore binding SCC controls the spindle checkpoint 
(Meraldi et al., 2004). Moreover, Buffin and coworkers suggested that Drosophila 
Mad2 functions for mitotic timing and spindle checkpoint (Buffin et al., 2007). These 
data support the model in which cytosolic SCC may be involved in blocking Cyclin B 
degradation. How does Chk2 maintain cytosolic SAC activity in response to DNA 
damage?  It might be that unknown intermediate helps crosstalks between Chk2 
signaling and SAC or that Chk2 directly activates cytosolic SAC at centrosomes or 
spindles. In this model, SCC relocalization at kinetochore is a secondary sequence of 
high Cdk1 activity. Even though chromosomes are segregated, high Cdk1 activity 
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maintains a prometaphase-like characteristic including spindle dynamics and 
microtubule binding motors to recruit SAC proteins at kinetochores.  For example, 
merotelic chromosome attachment (bi-polar attachment on single kinetochore) may 
be generated by high Cdk1 activity, and recruit SAC to kinetochores through Aurora 
B. Although we could not detect kinetochore and microtubule attachment with our in 
vivo resolution, we often observed that a subset of separated chromosomes move back 
to metaphase plate, suggesting that merotelic attachment are generated after 
chromosomes segregation during anaphase arrest. Moreover, the merotelic attachment 
was observed in non-degradable Cyclin B expressing cells (Parry et. al., 2003). 
Taken together, we hypothesize that two distinct pathways control mitotic 
delays in response to DNA damage. One is that Chk2-dependent centrosome 
inactivation and spindle disruption triggers kinetochore-dependent SAC activation. 
The other is that Chk2 continuously triggers activation of cytosolic SAC which 
prevents APC/C dependent Cyclin B degradation.     
 
What are the Chk2 targets? 
γ-TuRC complex. 
 The centrosome, a microtubule organizing center, consists of centrioles and 
pericentriolar material (PCM). A number of proteins exist in PCM including the γ-
tubulin ring complex (γ-TuRC) and many mitotic regulators. γ-TuRC is the 
microtubule nucleation center (Doxsey et al., 2005). Chk2 is found on the 
centrosomes throughout mitosis and interphase in normal conditions and in the 
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presence of DNA damage. DNA damage triggers defects in centrosome integrity and 
functions in a Chk2-dependent manner in syncytial embryos (Takada et. al., 2003). γ-
tubulin and Dgrip84 are lost from centrosomes following DNA damage during 
mitosis, but centrosomin (CNN) remains at centrosomes (Sibon et. al., 1999). 
However, depletion of CNN in Drosophila results in anastral mitotic spindles, 
suggesting that CNN is required for centrosome formation. Our preliminary data from 
2D gel analyses suggest that Chk2 modifies γ-tubulin and CNN in response to DNA 
damage (Appendix II). We are currently investigating whether Chk2 induces changes 
in the γ-TuRC composition following DNA damage to inactivate centrosome 
function.  
 
SAC components  
We demonstrate that DNA damage triggers Mad2-mediated mitotic arrest 
through Chk2. Like SAC components (SCC) and Cdc20, Chk2 localizes at 
kinetochores until anaphase is initiated. However, Chk2 is not required for spindle 
damage-induced SAC activation. DNA damage specifically triggers Chk2 and SAC-
dependent mitotic arrest. In the absence of Chk2, SAC cannot induce mitotic arrest 
and cannot relocalize at kinetochores after anaphase initiation, suggesting that Chk2 
induces SAC activation in response to DNA damage. Chk2 may recruit SCC at 
kinetochores, or control the kinase activity of SAC proteins to activate SAC in 
response to DNA damage. In normal condition, SAC activity is regulated by the SCC 
localization at kinetochores as well as kinase activity.  
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To test for a genetic interaction between Mad2 and Chk2 (Mnk), we attempted 
to generate mnk;mad2 double mutants. mad2 and mnk single mutants are viable and 
fertile.  Surprisingly, mnk;mad2 mutants die during all developmental stages 
including early embryo stage, larva and pupae stage. Does Chk2 have functional 
redundancy with Mad2? Our preliminary data suggest that neuroblasts in double 
mutants do not contain more abnormal mitotic cells and aneuploids than those in wild 
type or single mutants, implicating that regulation of cell cycle is not affected by the 
double mutations. Currently, we do not understand why double mutations cause the 
lethality. Alternatively, we are testing interaction between SAC proteins and Chk2 via 
biochemical approaches.  
 
Cdc20 
Cdc20 phosphorylation is required for SAC activation (Chung and Chen, 2003). In 
budding yeast, Chk1 and Chk2 inhibit Cdc20 interaction with APC/C in response to 
DNA damage. To determine whether Chk2 controls Cdc20 to activate SAC, I 
performed biochemical assays and found that Chk2 does not interact with Cdc20. 
However, it is possible that Chk2 may transiently interact with and control Cdc20. I 
also examined Chk2-dependent Cdc20 modifications in response to DNA damage by 
performing 2D gel analysis. However, Cdc20 appears to be modified in a Chk2-
independent manner following DNA damage (Appendix II). 
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Polo  
Polo controls all mitotic events including Cdk1 activation, spindle assembly 
and centrosome maturation, and mitotic exit through APC/C activation (Glover, 
2005). In Drosophila, Polo localizes at the centrosome, kinetochore and midbody, 
similarly to Chk2 (Moutinho-Santos et al., 1999). Interestingly, depletion of Polo 
caused several mitotic defects in neuroblast including loss of γ-tubulin and CP190 
from centrosomes and mitotic arrest after chromosomes separation (Donaldson et al., 
2001). These phenotypes are very similar to those of syncytial embryos upon DNA 
damage. Moreover, Polo-like kinase in mammals is inactivated by ATM following 
DNA damage to block progression into mitosis (van Vugt et al., 2001). These data 
suggest that Chk2 may negatively regulate Polo in response to DNA damage. Since 
null mutation in polo is lethal, we were not able to use strong polo mutants in 
syncytial embryos. Although I observed that DNA damage triggers Polo loss from 
centrosome and accumulation at kinetochores (Appendix III), recent preliminary data 
from 2D gel analysis suggests that DNA damage triggers Polo modification in a 
Chk2-independent manner (Appendix II).  
 
Aurora B 
Aurora B is a component of chromosomal passenger complex (CPC). 
Depletion of Aurora B triggers SCC accumulation leading to mitotic arrest (Kallio et 
al., 2002). On the contrary, Aurora B appears to be required for Mad2 and BubR1 
accumulation following spindle damage (Ditchfield et al., 2003). Although the 
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precise mechanism is not known, Aurora B regulates SAC activity. Specifically, 
Aurora B has been reported to sever the bi-polar attached microtubules on a single 
kinetochore, generating unattached kinetochores that activate SAC (Pinsky et al., 
2006; Tanaka et al., 2002). Interestingly, the dynamics of Chk2 and Aurora B 
localization during mitosis are similar. Non-degradable Cyclin B expression has been 
shown to trigger anaphase arrest in Drosophila cells (Parrey et al., 2003). Aurora B 
and INCENP consistently localize on kinetochores during anaphase arrest in non-
degradable Cyclin B expressing Drosophila cells, similar to Chk2 localization in 
DNA damage induced anaphase arrest embryos. 
Although our preliminary data suggest that Chk2 modifies γ-tubulin and CNN, 
but not Cdc20 and Polo, following DNA damage, we do not understand how Chk2 
activates the SAC. To better understand the mechanism of DNA damage-induced 
mitotic delays, we have been performing biochemical approaches, including GST 
pull-down, immunoprecipitation, sucrose gradient and 2D gel analysis to identify 
Chk2 substrates.  
Chk2 has a critical role in DNA damage-induced mitotic delay in Drosophila 
syncytial divisions. However, other reports suggest that Chk1 mediates the mitotic 
delay following DNA damage in fission yeast, mammals, and later stage of 
Drosophila embryos. By contrast, we found that human Chk2 triggers centrosome 
inactivation and mitotic delays following DNA damage in Drosophila embryos 
(Appendix I). Moreover, I observed that Human Chk2 rescues all mitotic defect in 
mnk mutant embryos following DNA damage (Appendix I). Both Chk1 and Chk2 are 
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required for mitotic delay in budding yeast, and they function redundantly in the 
conventional checkpoint. Therefore, I hypothesize that the functional requirement for 
either Chk1 or Chk2, or both may depend on cell types and organisms.  
Why does DNA damage trigger anaphase arrest? Since chromosomes are very 
condensed and segregated after M-A transition, it seems almost impossible for DNA 
repair to occur during the delays. Therefore, we speculate that it may be the last 
defense mechanism for the damaged cells to block propagation of the mutations to 
their daughter nuclei. 
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APPENDIX I 
 
HUMAN CHK2 RESCUES DNA DAMAGE-INDUCED MITOTIC RESPONSE 
IN MNK MUTANT EMBRYOS 
 
Mitotic response to DNA damage is frequently observed in organisms from 
yeast to mammals and we have demonstrated Chk2 being a central regulator for the 
response in early Drosophila embryos, consistent with reports in budding yeast. 
However, it has not been determined whether Chk2 is required for this process in 
other organisms, except a recent report where Chk2 acts as a negative regulator by 
studying fusion cells from interphase and mitotic cells (Castedo et al., 2004b).  
Chk2 functions in the conventional checkpoint and is a structurally conserved 
kinase. Human Chk2 is 34% identical (45% similar) to Drosophila Chk2. To 
determine whether human Chk2 can function in Drosophila embryos and rescue the 
mnk phenotype, we first examined whether human Chk2 has capacity to delay during 
mitosis upon DNA damage in syncytial Drosophila embryos.  
We used the UAS-Gal4 system to drive human Chk2 expression. Human 
Chk2 (67KDa) expression was determined by a human Chk2 antibody which does not 
cross react with Drosophila Chk2 (55KDa) (Figure 1 I.A). Human Chk2 did not 
affect viability and fertility of the transgenic flies. We subsequently examined its 
localization in Drosophila embryos and found it being localized at nucleus at 
interphase (Figure 1 I.B),  
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consistent with the previous study in human cells (Lukas et al., 2003). During mitosis, 
Chk2 is uniformly distributed in cytoplasm. 
 Next, we determined whether human Chk2 is modified by DNA damage in 
embryos (Figure 1 II). Anti-phospho-Chk2-Thr 68 antibodies specifically recognized 
T68-phosphorylated Chk2 in Camptothecin (CPT)-treated embryos, but not in non-
transformants, nor in control embryos (Figure 1 II.A), indicating that DNA damage 
triggers human Chk2 phosphorylation by Drosophila machinery. At interphase, T68-
phosphorylated Chk2 was only found in the nuclei of damaged embryos (Figure 1 
II.B). However, the antibody specificity was lost during mitosis, giving a false signal 
on centrosome in embryo that does not express human Chk2.  
To test whether human Chk2 functions during mitosis following DNA 
damage, human Chk2 was expressed in mnk mutant embryos (Figure 2). We analyzed 
the duration of mitosis with time-lapse laser-scanning confocal microscopy following 
injection of R-tubulin (rhodamine-tubulin) and CPT into the embryos. In control 
embryos, human Chk2 did not affect cell cycle timing and mitotic spindle formation. 
However, we observed anastral barrel-shaped mitotic spindles and mitotic 
delay/arrest following DNA damage in mnk, indicating that human Chk2 can rescue 
DNA damage-induced mitotic defects in mnk mutants. To confirm that human Chk2 
triggers loss of centrosome integrity in response to DNA damage, 
immunohistochemisty was performed (Figure 3). We found that DNA damage 
induces γ-tubulin loss in a human Chk2-dependent manner in mnk mutant embryos, 
indicating human Chk2 triggers centrosome inactivation in response to DNA damage  
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similar to Drosophila Chk2. Taken together, we suggest that human Chk2 may 
function to delay mitosis and to disrupt spindles in response to DNA damage.  
Currently, we are investigating a role for human Chk2 in mitosis in damaged human 
cells.  
As a negative control, human Chk2 kinase deficient protein (Chk2D347A) 
was expressed in mnk embryos (Figure 1). Surprisingly however, we found that 
Chk2KD rescues centrosome inactivation during mitosis in response to DNA damage, 
a similar function to wild type human Chk2 (Figure 3). At present, it remains to be 
determined whether Chk2 kinase activity is required for its role in mitotic response 
upon DNA damage.  
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Materials and methods 
Construction of human Chk2  
Plasmids containing human Chk2 cDNA or Chk2D347A cDNA were kindly provided 
by Steven Elledge. Chk2D347A was previously described (Matsuoka et al., 1998). 
Full length human Chk2 or Chk2D347A cDNA was amplified by PCR using oligos 
containing a Kpn site at the 5’end and XbaI site at the 3’end. The PCR fragments 
were inserted into pUASP vector (Rorth, 1998). Flies were transformed with the 
resulting constructs using standard techniques (Rorth, 1998). Two independent lines 
were generated for each construct. 
 
Fly genetics  
GAL-UAS system was used for human Chk2 expression (Rorth, 1998). The 
following stocks were used for the experiments; mnk:GAL4-VP16, mnk human 
Chk2/Cyo, mnk: human Chk2/TM3. 
 
Microinjection and time-lapse confocal microscopy 
For in vivo analysis of the effects of DNA damaging agents, the embryos were 
injected or treated as follows. A 0-2 h old embryos was hand dechorionated, arranged 
in a line on a adhesive-coated coverslip and dehydrated for 5 min on a bed of Drierite 
in a petri-dish (Theurkauf and Heck, 1999). The DNA damaging drugs were mixed 
with rhodamine-labelled tubulin (Cytoskeleton, at 5mg/ml) to detect microtubules and 
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injected manually in the embryos. Immediately following the injections, live confocal 
imaging was initiated using a Leica TCS-SP inverted laser-scanning microscope. The 
live image frames were captured at 10 s intervals. 
 
Western blot 
For western blot, 0-3hrs collected embryos were dechorionated by 50% bleach. 
Control embryos were directly homogenized after bleach. To induce DNA damage, 
dechorionated embryos were incubated in octane/Robb’s medium for 10min, washed, 
and homogenized in 2X sample buffer. Human Chk2 is detected by mouse-anti-Chk2 
antibody (DCS-273, 1:1000) (Lukas et al., 2003). Rabbit-anti-phosphop-Chk2-Thr 68 
antibody (1:200) was kindly provided by Stern (Tsvetkov et al., 2003). 
 
Immunostaining 
Embryos were prepared as described previously (Takada et al., 2003). Mouse-γ-
tubulin antibody (GTU88, 1:500) and TOTO3 (Molecular Probes, Inc) were used to 
detect γ-tubulin and DNA, respectively. 
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APPENDIX II 
 
 
CHK2 MODIFIES γ-TUBULIN AND CNN IN RESPONSE TO DNA DAMAGE 
 
To identify molecules that are modified by Chk2 in response to DNA damage, 
we performed 2D gel analysis followed by western blotting for candidates including 
Polo, Cdc20, Cyclin B, Zw10 (a SAC protein), and centrosomal proteins (γ-tubulin, 
CNN and Dgrp 84). The rational for the selection of these candidates are discussed in 
Chapter III. Total embryo extracts prepared from wild type and mnk embryos both 
with and without DNA damage were subject to 2D gel analysis to identify molecules 
regulated by Chk2 upon DNA damage.  4 sets of experiments for Cdc20 and γ-
tubulin, 2 sets of experiments for Cyclin B, Zw10, and Dgrp84, and 1 set of 
experiment for CNN and Polo have been performed. 
From the 1st set of experiment, we found Chk2-dependent Cdc20 modification 
in response to DNA damage. However, we were unable to detect such modification in 
the following 3 sets of experiments. In contrast, we found γ-tubulin being modified by 
Chk2 consistently upon DNA damage (Figure 1). This suggests that Chk2 may 
modify γ-tubulin upon DNA damage leading to centrosome inactivation.   
Although used for western blot following SDS-PAGE, Cyclin B antibody did 
not detect its antigen after 2D analysis, making our analysis impossible. Zw10, Dgrip 
84 and Polo were found modified upon DNA damage. However, different isoforms 
were found in control mnk compare to control w1118, making it hard to interpret.  
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Interestingly, we found that CNN is modified by Chk2 upon DNA damage, 
although CNN remains on centrosome in the presence of DNA damage (Figure 2).  
Currently, we are investigating Chk2-dependent modification in the components of γ-
TuRC complex upon DNA damage.  
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Materials and Methods 
Preparation of embryos extracts 
1-2 hour embryos were dechorionated in 50% bleach. For controls, dechorionated 
embryos were directly homogenized in Destreak Rehydration buffer (Amersham). For 
damaged extracts, embryos were first incubated in octane/Robb’s medium containing 
20 µM CPT for 10min, washed, and then homogenized in the buffer. Extracts were 
quickly frozen in liquid nitrogen and stored at -80°C and used for 2D gel analysis 
within five days. 
 
2D gel analysis 
2D gel analysis was performed according to the procedure described in Amersham 
manuals. For first dimension, 100-200µg sample was loaded on a immobilized pH 
gradient (IGP) strip (11 cm in length and pH3-pH10 range) followed by rehydration 
with rehydrating solution for 12 hours and ran 3 hours with Ettan IPGphor Isoelectric 
Focusing system. Subsequently, separated proteins by their own pH on the strip were 
equilibrated and ran on a 5-20% gradient SDS-PAGE gel for second dimension.  
Western blot 
The following antibodies were used in this experiment; Mouse anti-γ-tubulin antibody 
(GTU88 1:500), Dgrip 84 antibody (1:2000), CNN antibody (1:500), mouse Polo 
antibody (1:200), Cyclin B antibody (santa cruz, 1:250) Cdc20 antibody (1:500) and 
Zw10 antibody (1:1000) (kindly provided by Raff J. and Glover M). 
 104 
 
APPENDIX III 
 
 
Here, I show additional supporting data that are not closely related, but 
mentioned previously in the main text of my thesis. 
DNA damage triggers H2AX phosphorylation that amplifies DNA damage 
signal and is required for some DNA damage responses (Burma et al., 2001; Kang et 
al., 2005). H2Av, Drosophila homologue of H2AX is phosphorylated and required 
for apoptosis in response to DSBs (Leach et al., 2000). To determine whether H2Av 
phosphorylation is required for mitotic arrest in response to DNA damage, I injected 
CPT into emgryos mutant of the H2Av phosphorylation site (Figure 1). Mitotic arrest 
was normally observed in the mutant embryos, indicating H2Av phosphorylation is 
dispensable for mitotic arrest following DNA damage (Chapter II). 
  In Drosophila, Cyclins A, B and B3 controls mitotic progression (Parry and 
O'Farrell, 2001; Sigrist et al., 1995; Su et al., 1998). I found that Cyclin B is 
stabilized in a Chk2-dependent manner in response to DNA damage. We also showed 
that DNA damage caused by incomplete DNA replication triggers Cyclin A 
accumulation in a Chk2-dependent manner (Takada et al., 2007). To address 
whether DNA damage triggers Cyclin B3 stabilization, I performed 
immunoflourescence on drug treated or untreated embryos with Cyclin B3 antibody 
(Figure 2). Cyclin B3 accumulates on the spindles at metaphase and disappears at 
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anaphase during syncytial divisions. However, with DNA damage Cyclin B3 
localizes on the centrosomes during metaphase and anaphase, indicating that DNA 
damage triggers change cyclin B3 dynamics and accumulation (Chapter III). By 
contrast, the mutations in Chk2 suppress Cyclin B3 stabilization on the centrosome 
regions, indicating Chk2 is required for Cyclin localization on the centrosome regions 
in response to DNA damage. 
 Polo localizes at centrosomes, kinetochores and the midbody in Drosophila 
(Moutinho-Santos et al., 1999). Mitotic arrest after centromere separation was 
observed in polo mutant embryos (Donaldson et al., 2001), suggesting Polo may 
negatively function in mitotic arrest following DNA damage. However, to test this 
genetically is difficult since strong mutations in polo are lethal. To determine Polo 
localization following DNA damage, I performed live analysis in GFP-Polo 
expressing embryos. In control embryos, Polo localizes at centrosomes, kinetochores 
and the midbody (Figure 3A-D). However, DNA damage triggers loss of Polo from 
centrosomes when centrosome inactivation occurs. Moreover, I observed high 
accumulation of Polo on the kinetochores (Chapter III).     
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Materials and Methods 
Fly stocks 
These strains were used ; w1118, mnk, P{His2AvΔCTXc};l(3)His2Av810/TM3 (Clarkson et 
al., 1999) 
Live analysis 
Live analysis was performed as described previously (Chapter II). 
Immunostaining 
The procedure of immunostaining was mentioned previously (Chapter II). Rabbit 
Cyclin B3 antibody (1:500) and Toto 3 were used to detect Cyclin B3 and DNA, 
respectively. 
 
 
 
 
 
 
 
   
 
 
 110 
 
 
Abad, J.P., M. Carmena, S. Baars, R.D. Saunders, D.M. Glover, P. Ludena, C. Sentis, 
C. Tyler-Smith, and A. Villasante. 1992. Dodeca satellite: a conserved G+C-
rich satellite from the centromeric heterochromatin of Drosophila 
melanogaster. Proc Natl Acad Sci U S A. 89:4663-7. 
Abdu, U., M. Brodsky, and T. Schupbach. 2002. Activation of a meiotic checkpoint 
during Drosophila oogenesis regulates the translation of Gurken through 
Chk2/Mnk. Curr Biol. 12:1645-51. 
Abraham, R.T. 2001. Cell cycle checkpoint signaling through the ATM and ATR 
kinases. Genes Dev. 15:2177-96. 
Adams, M.D., M. McVey, and J.J. Sekelsky. 2003. Drosophila BLM in double-strand 
break repair by synthesis-dependent strand annealing. Science. 299:265-7. 
Agarwal, R., Z. Tang, H. Yu, and O. Cohen-Fix. 2003. Two distinct pathways for 
inhibiting pds1 ubiquitination in response to DNA damage. J Biol Chem. 
278:45027-33. 
Ahn, J.Y., X. Li, H.L. Davis, and C.E. Canman. 2002. Phosphorylation of threonine 
68 promotes oligomerization and autophosphorylation of the Chk2 protein 
kinase via the forkhead-associated domain. J Biol Chem. 277:19389-95. 
Bakkenist, C.J., and M.B. Kastan. 2003. DNA damage activates ATM through 
intermolecular autophosphorylation and dimer dissociation. Nature. 421:499-
506. 
 111 
Ball, H.L., and D. Cortez. 2005. ATRIP oligomerization is required for ATR-
dependent checkpoint signaling. J Biol Chem. 280:31390-6. 
Bartek, J., J. Falck, and J. Lukas. 2001. CHK2 kinase--a busy messenger. Nat Rev 
Mol Cell Biol. 2:877-86. 
Basto, R., R. Gomes, and R.E. Karess. 2000. Rough deal and Zw10 are required for 
the metaphase checkpoint in Drosophila. Nat Cell Biol. 2:939-43. 
Basto, R., F. Scaerou, S. Mische, E. Wojcik, C. Lefebvre, R. Gomes, T. Hays, and R. 
Karess. 2004. In vivo dynamics of the rough deal checkpoint protein during 
Drosophila mitosis. Curr Biol. 14:56-61. 
Brodsky, M.H., J.J. Sekelsky, G. Tsang, R.S. Hawley, and G.M. Rubin. 2000. 
mus304 encodes a novel DNA damage checkpoint protein required during 
Drosophila development. Genes Dev. 14:666-78. 
Brodsky, M.H., B.T. Weinert, G. Tsang, Y.S. Rong, N.M. McGinnis, K.G. Golic, 
D.C. Rio, and G.M. Rubin. 2004. Drosophila melanogaster MNK/Chk2 and 
p53 regulate multiple DNA repair and apoptotic pathways following DNA 
damage. Mol Cell Biol. 24:1219-31. 
Brown, E.J., and D. Baltimore. 2000. ATR disruption leads to chromosomal 
fragmentation and early embryonic lethality. Genes Dev. 14:397-402. 
Buffin, E., D. Emre, and R.E. Karess. 2007. Flies without a spindle checkpoint. Nat 
Cell Biol. 9:565-72. 
 112 
Buffin, E., C. Lefebvre, J. Huang, M.E. Gagou, and R.E. Karess. 2005. Recruitment 
of Mad2 to the kinetochore requires the Rod/Zw10 complex. Curr Biol. 
15:856-61. 
Burma, S., B.P. Chen, M. Murphy, A. Kurimasa, and D.J. Chen. 2001. ATM 
phosphorylates histone H2AX in response to DNA double-strand breaks. J 
Biol Chem. 276:42462-7. 
Capasso, H., C. Palermo, S. Wan, H. Rao, U.P. John, M.J. O'Connell, and N.C. 
Walworth. 2002. Phosphorylation activates Chk1 and is required for 
checkpoint-mediated cell cycle arrest. J Cell Sci. 115:4555-64. 
Carson, C.T., R.A. Schwartz, T.H. Stracker, C.E. Lilley, D.V. Lee, and M.D. 
Weitzman. 2003. The Mre11 complex is required for ATM activation and the 
G2/M checkpoint. Embo J. 22:6610-20. 
Castedo, M., J.L. Perfettini, T. Roumier, K. Andreau, R. Medema, and G. Kroemer. 
2004a. Cell death by mitotic catastrophe: a molecular definition. Oncogene. 
23:2825-37. 
Castedo, M., J.L. Perfettini, T. Roumier, K. Yakushijin, D. Horne, R. Medema, and 
G. Kroemer. 2004b. The cell cycle checkpoint kinase Chk2 is a negative 
regulator of mitotic catastrophe. Oncogene. 23:4353-61. 
Chan, G.K., S.A. Jablonski, D.A. Starr, M.L. Goldberg, and T.J. Yen. 2000. Human 
Zw10 and ROD are mitotic checkpoint proteins that bind to kinetochores. Nat 
Cell Biol. 2:944-7. 
 113 
Chan, T.A., H. Hermeking, C. Lengauer, K.W. Kinzler, and B. Vogelstein. 1999. 14-
3-3Sigma is required to prevent mitotic catastrophe after DNA damage. 
Nature. 401:616-20. 
Chen, R.H. 2002. BubR1 is essential for kinetochore localization of other spindle 
checkpoint proteins and its phosphorylation requires Mad1. J Cell Biol. 
158:487-96. 
Chou, T.B., and N. Perrimon. 1996. The autosomal FLP-DFS technique for 
generating germline mosaics in Drosophila melanogaster. Genetics. 144:1673-
9. 
Chung, E., and R.H. Chen. 2003. Phosphorylation of Cdc20 is required for its 
inhibition by the spindle checkpoint. Nat Cell Biol. 5:748-53. 
Clarkson, M.J., J.R. Wells, F. Gibson, R. Saint, and D.J. Tremethick. 1999. Regions 
of variant histone His2AvD required for Drosophila development. Nature. 
399:694-7. 
Cleveland, D.W., Y. Mao, and K.F. Sullivan. 2003. Centromeres and kinetochores: 
from epigenetics to mitotic checkpoint signaling. Cell. 112:407-21. 
Clute, P., and J. Pines. 1999. Temporal and spatial control of cyclin B1 destruction in 
metaphase. Nat Cell Biol. 1:82-7. 
Collura, A., J. Blaisonneau, G. Baldacci, and S. Francesconi. 2005. The fission yeast 
Crb2/Chk1 pathway coordinates the DNA damage and spindle checkpoint in 
response to replication stress induced by topoisomerase I inhibitor. Mol Cell 
Biol. 25:7889-99. 
 114 
de Vries, H.I., L. Uyetake, W. Lemstra, J.F. Brunsting, T.T. Su, H.H. Kampinga, and 
O.C. Sibon. 2005. Grp/DChk1 is required for G2-M checkpoint activation in 
Drosophila S2 cells, whereas Dmnk/DChk2 is dispensable. J Cell Sci. 
118:1833-42. 
Ditchfield, C., V.L. Johnson, A. Tighe, R. Ellston, C. Haworth, T. Johnson, A. 
Mortlock, N. Keen, and S.S. Taylor. 2003. Aurora B couples chromosome 
alignment with anaphase by targeting BubR1, Mad2, and Cenp-E to 
kinetochores. J Cell Biol. 161:267-80. 
Dobles, M., V. Liberal, M.L. Scott, R. Benezra, and P.K. Sorger. 2000. Chromosome 
missegregation and apoptosis in mice lacking the mitotic checkpoint protein 
Mad2. Cell. 101:635-45. 
Donaldson, M.M., A.A. Tavares, H. Ohkura, P. Deak, and D.M. Glover. 2001. 
Metaphase arrest with centromere separation in polo mutants of Drosophila. J 
Cell Biol. 153:663-76. 
Doxsey, S., D. McCollum, and W. Theurkauf. 2005. Centrosomes in cellular 
regulation. Annu Rev Cell Dev Biol. 21:411-34. 
Edgar, B.A., C.P. Kiehle, and G. Schubiger. 1986. Cell cycle control by the nucleo-
cytoplasmic ratio in early Drosophila development. Cell. 44:365-72. 
Edgar, B.A., and P.H. O'Farrell. 1990. The three postblastoderm cell cycles of 
Drosophila embryogenesis are regulated in G2 by string. Cell. 62:469-80. 
 115 
Edgar, B.A., F. Sprenger, R.J. Duronio, P. Leopold, and P.H. O'Farrell. 1994. Distinct 
molecular mechanism regulate cell cycle timing at successive stages of 
Drosophila embryogenesis. Genes Dev. 8:440-52. 
Elledge, S.J., and J.W. Harper. 1994. Cdk inhibitors: on the threshold of checkpoints 
and development. Curr Opin Cell Biol. 6:847-52. 
Fang, Y., T. Liu, X. Wang, Y.M. Yang, H. Deng, J. Kunicki, F. Traganos, Z. 
Darzynkiewicz, L. Lu, and W. Dai. 2006. BubR1 is involved in regulation of 
DNA damage responses. Oncogene. 25:3598-605. 
Fischer, M.G., S. Heeger, U. Hacker, and C.F. Lehner. 2004. The mitotic arrest in 
response to hypoxia and of polar bodies during early embryogenesis requires 
Drosophila Mps1. Curr Biol. 14:2019-24. 
Foe, V.E. 1989. Mitotic domains reveal early commitment of cells in Drosophila 
embryos. Development. 107:1-22. 
Foe, V.E., and B.M. Alberts. 1983. Studies of nuclear and cytoplasmic behaviour 
during the five mitotic cycles that precede gastrulation in Drosophila 
embryogenesis. J Cell Sci. 61:31-70. 
Garner, M., S. van Kreeveld, and T.T. Su. 2001. mei-41 and bub1 block mitosis at 
two distinct steps in response to incomplete DNA replication in Drosophila 
embryos. Curr Biol. 11:1595-9. 
Gatei, M., S.P. Scott, I. Filippovitch, N. Soronika, M.F. Lavin, B. Weber, and K.K. 
Khanna. 2000. Role for ATM in DNA damage-induced phosphorylation of 
BRCA1. Cancer Res. 60:3299-304. 
 116 
Glover, D.M. 2005. Polo kinase and progression through M phase in Drosophila: a 
perspective from the spindle poles. Oncogene. 24:230-7. 
Goodarzi, A.A., W.D. Block, and S.P. Lees-Miller. 2003. The role of ATM and ATR 
in DNA damage-induced cell cycle control. Prog Cell Cycle Res. 5:393-411. 
Holloway, S.L., M. Glotzer, R.W. King, and A.W. Murray. 1993. Anaphase is 
initiated by proteolysis rather than by the inactivation of maturation-
promoting factor. Cell. 73:1393-402. 
Howell, B.J., B. Moree, E.M. Farrar, S. Stewart, G. Fang, and E.D. Salmon. 2004. 
Spindle checkpoint protein dynamics at kinetochores in living cells. Curr Biol. 
14:953-64. 
Hoyt, M.A. 2001. A new view of the spindle checkpoint. J Cell Biol. 154:909-11. 
Huang, J., and J.W. Raff. 1999. The disappearance of cyclin B at the end of mitosis is 
regulated spatially in Drosophila cells. Embo J. 18:2184-95. 
Huang, X., T. Tran, L. Zhang, R. Hatcher, and P. Zhang. 2005. DNA damage-induced 
mitotic catastrophe is mediated by the Chk1-dependent mitotic exit DNA 
damage checkpoint. Proc Natl Acad Sci U S A. 102:1065-70. 
Jackson, S.P. 2002. Sensing and repairing DNA double-strand breaks. 
Carcinogenesis. 23:687-96. 
Jaklevic, B.R., and T.T. Su. 2004. Relative contribution of DNA repair, cell cycle 
checkpoints, and cell death to survival after DNA damage in Drosophila 
larvae. Curr Biol. 14:23-32. 
 117 
Jazayeri, A., J. Falck, C. Lukas, J. Bartek, G.C. Smith, J. Lukas, and S.P. Jackson. 
2006. ATM- and cell cycle-dependent regulation of ATR in response to DNA 
double-strand breaks. Nat Cell Biol. 8:37-45. 
Kallio, M.J., M.L. McCleland, P.T. Stukenberg, and G.J. Gorbsky. 2002. Inhibition of 
aurora B kinase blocks chromosome segregation, overrides the spindle 
checkpoint, and perturbs microtubule dynamics in mitosis. Curr Biol. 12:900-
5. 
Kang, J., D. Ferguson, H. Song, C. Bassing, M. Eckersdorff, F.W. Alt, and Y. Xu. 
2005. Functional interaction of H2AX, NBS1, and p53 in ATM-dependent 
DNA damage responses and tumor suppression. Mol Cell Biol. 25:661-70. 
King, R.W., R.J. Deshaies, J.M. Peters, and M.W. Kirschner. 1996. How proteolysis 
drives the cell cycle. Science. 274:1652-9. 
King, R.W., J.M. Peters, S. Tugendreich, M. Rolfe, P. Hieter, and M.W. Kirschner. 
1995. A 20S complex containing CDC27 and CDC16 catalyzes the mitosis-
specific conjugation of ubiquitin to cyclin B. Cell. 81:279-88. 
Kitagawa, R., and A.M. Rose. 1999. Components of the spindle-assembly checkpoint 
are essential in Caenorhabditis elegans. Nat Cell Biol. 1:514-21. 
Kobayashi, J., H. Tauchi, S. Sakamoto, A. Nakamura, K. Morishima, S. Matsuura, T. 
Kobayashi, K. Tamai, K. Tanimoto, and K. Komatsu. 2002. NBS1 localizes to 
gamma-H2AX foci through interaction with the FHA/BRCT domain. Curr 
Biol. 12:1846-51. 
 118 
Kusano, K., M.E. Berres, and W.R. Engels. 1999. Evolution of the RECQ family of 
helicases: A drosophila homolog, Dmblm, is similar to the human bloom 
syndrome gene. Genetics. 151:1027-39. 
 
Leach, T.J., M. Mazzeo, H.L. Chotkowski, J.P. Madigan, M.G. Wotring, and R.L. 
Glaser. 2000. Histone H2A.Z is widely but nonrandomly distributed in 
chromosomes of Drosophila melanogaster. J Biol Chem. 275:23267-72. 
Lew, D.J., and S. Kornbluth. 1996. Regulatory roles of cyclin dependent kinase 
phosphorylation in cell cycle control. Curr Opin Cell Biol. 8:795-804. 
Li, H., R. Baskaran, D.M. Krisky, K. Bein, P. Grandi, J.B. Cohen, and J.C. Glorioso. 
2008. Chk2 is required for HSV-1 ICP0-mediated G2/M arrest and 
enhancement of virus growth. Virology. 
Lim, H.H., P.Y. Goh, and U. Surana. 1998. Cdc20 is essential for the cyclosome-
mediated proteolysis of both Pds1 and Clb2 during M phase in budding yeast. 
Curr Biol. 8:231-4. 
Lobrich, M., and P.A. Jeggo. 2007. The impact of a negligent G2/M checkpoint on 
genomic instability and cancer induction. Nat Rev Cancer. 7:861-9. 
Lukas, C., J. Falck, J. Bartkova, J. Bartek, and J. Lukas. 2003. Distinct spatiotemporal 
dynamics of mammalian checkpoint regulators induced by DNA damage. Nat 
Cell Biol. 5:255-60. 
 119 
Lundgren, K., N. Walworth, R. Booher, M. Dembski, M. Kirschner, and D. Beach. 
1991. mik1 and wee1 cooperate in the inhibitory tyrosine phosphorylation of 
cdc2. Cell. 64:1111-22. 
Mao, Y., A. Abrieu, and D.W. Cleveland. 2003. Activating and silencing the mitotic 
checkpoint through CENP-E-dependent activation/inactivation of BubR1. 
Cell. 114:87-98. 
Matsuoka, S., M. Huang, and S.J. Elledge. 1998. Linkage of ATM to cell cycle 
regulation by the Chk2 protein kinase. Science. 282:1893-7. 
Matsuoka, S., G. Rotman, A. Ogawa, Y. Shiloh, K. Tamai, and S.J. Elledge. 2000. 
Ataxia telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proc 
Natl Acad Sci U S A. 97:10389-94. 
McEwen, B.F., G.K. Chan, B. Zubrowski, M.S. Savoian, M.T. Sauer, and T.J. Yen. 
2001. CENP-E is essential for reliable bioriented spindle attachment, but 
chromosome alignment can be achieved via redundant mechanisms in 
mammalian cells. Mol Biol Cell. 12:2776-89. 
Melchionna, R., X.B. Chen, A. Blasina, and C.H. McGowan. 2000. Threonine 68 is 
required for radiation-induced phosphorylation and activation of Cds1. Nat 
Cell Biol. 2:762-5. 
Meluh, P.B., and D. Koshland. 1997. Budding yeast centromere composition and 
assembly as revealed by in vivo cross-linking. Genes Dev. 11:3401-12. 
Meraldi, P., V.M. Draviam, and P.K. Sorger. 2004. Timing and checkpoints in the 
regulation of mitotic progression. Dev Cell. 7:45-60. 
 120 
Mikhailov, A., R.W. Cole, and C.L. Rieder. 2002. DNA damage during mitosis in 
human cells delays the metaphase/anaphase transition via the spindle-
assembly checkpoint. Curr Biol. 12:1797-806. 
Moore, D.P., A.W. Page, T.T. Tang, A.W. Kerrebrock, and T.L. Orr-Weaver. 1998. 
The cohesion protein MEI-S332 localizes to condensed meiotic and mitotic 
centromeres until sister chromatids separate. J Cell Biol. 140:1003-12. 
Morgan, D.O. 1999. Regulation of the APC and the exit from mitosis. Nat Cell Biol. 
1:E47-53. 
Moutinho-Santos, T., P. Sampaio, I. Amorim, M. Costa, and C.E. Sunkel. 1999. In 
vivo localisation of the mitotic POLO kinase shows a highly dynamic 
association with the mitotic apparatus during early embryogenesis in 
Drosophila. Biol Cell. 91:585-96. 
Musacchio, A., and E.D. Salmon. 2007. The spindle-assembly checkpoint in space 
and time. Nat Rev Mol Cell Biol. 8:379-93. 
Niida, H., and M. Nakanishi. 2006. DNA damage checkpoints in mammals. 
Mutagenesis. 21:3-9. 
Nitta M, S.H. 2004. Spindle checkpoint function is required for mitotic catastrophe 
induced by DNA-damaging agents. Oncogene. 23:6548-58. 
Oikemus, S.R., N. McGinnis, J. Queiroz-Machado, H. Tukachinsky, S. Takada, C.E. 
Sunkel, and M.H. Brodsky. 2004. Drosophila atm/telomere fusion is required 
for telomeric localization of HP1 and telomere position effect. Genes Dev. 
18:1850-61. 
 121 
Ollmann, M., L.M. Young, C.J. Di Como, F. Karim, M. Belvin, S. Robertson, K. 
Whittaker, M. Demsky, W.W. Fisher, A. Buchman, G. Duyk, L. Friedman, C. 
Prives, and C. Kopczynski. 2000. Drosophila p53 is a structural and functional 
homolog of the tumor suppressor p53. Cell. 101:91-101. 
Orr, B., H. Bousbaa, and C.E. Sunkel. 2007. Mad2-independent spindle assembly 
checkpoint activation and controlled metaphase-anaphase transition in 
Drosophila S2 cells. Mol Biol Cell. 18:850-63. 
Palframan, W.J., J.B. Meehl, S.L. Jaspersen, M. Winey, and A.W. Murray. 2006. 
Anaphase inactivation of the spindle checkpoint. Science. 313:680-4. 
Park, I., and H.K. Avraham. 2006. Cell cycle-dependent DNA damage signaling 
induced by ICRF-193 involves ATM, ATR, CHK2, and BRCA1. Exp Cell 
Res. 312:1996-2008. 
Parry, D.H., G.R. Hickson, and P.H. O'Farrell. 2003. Cyclin B destruction triggers 
changes in kinetochore behavior essential for successful anaphase. Curr Biol. 
13:647-53. 
Parry, D.H., and P.H. O'Farrell. 2001. The schedule of destruction of three mitotic 
cyclins can dictate the timing of events during exit from mitosis. Curr Biol. 
11:671-83. 
Perez-Mongiovi, D., N. Malmanche, H. Bousbaa, and C. Sunkel. 2005. Maternal 
expression of the checkpoint protein BubR1 is required for synchrony of 
syncytial nuclear divisions and polar body arrest in Drosophila melanogaster. 
Development. 132:4509-20. 
 122 
Peters, M., C. DeLuca, A. Hirao, V. Stambolic, J. Potter, L. Zhou, J. Liepa, B. Snow, 
S. Arya, J. Wong, D. Bouchard, R. Binari, A.S. Manoukian, and T.W. Mak. 
2002. Chk2 regulates irradiation-induced, p53-mediated apoptosis in 
Drosophila. Proc Natl Acad Sci U S A. 99:11305-10. 
Pines, J. 1995. Cyclins and cyclin-dependent kinases: a biochemical view. Biochem J. 
308 ( Pt 3):697-711. 
Pines, J., and T. Hunter. 1989. Isolation of a human cyclin cDNA: evidence for cyclin 
mRNA and protein regulation in the cell cycle and for interaction with 
p34cdc2. Cell. 58:833-46. 
Pinsky, B.A., C. Kung, K.M. Shokat, and S. Biggins. 2006. The Ipl1-Aurora protein 
kinase activates the spindle checkpoint by creating unattached kinetochores. 
Nat Cell Biol. 8:78-83. 
Raff, J.W., K. Jeffers, and J.Y. Huang. 2002. The roles of Fzy/Cdc20 and Fzr/Cdh1 in 
regulating the destruction of cyclin B in space and time. J Cell Biol. 
157:1139-49. 
Rhind, N., and P. Russell. 2000. Chk1 and Cds1: linchpins of the DNA damage and 
replication checkpoint pathways. J Cell Sci. 113 ( Pt 22):3889-96. 
Roninson, I.B., E.V. Broude, and B.D. Chang. 2001. If not apoptosis, then what? 
Treatment-induced senescence and mitotic catastrophe in tumor cells. Drug 
Resist Updat. 4:303-13. 
Rorth, P. 1998. Gal4 in the Drosophila female germline. Mech Dev. 78:113-8. 
 123 
Royou, A., H. Macias, and W. Sullivan. 2005. The Drosophila Grp/Chk1 DNA 
damage checkpoint controls entry into anaphase. Curr Biol. 15:334-9. 
Russell, P., and P. Nurse. 1987. Negative regulation of mitosis by wee1+, a gene 
encoding a protein kinase homolog. Cell. 49:559-67. 
Sanchez, Y., J. Bachant, H. Wang, F. Hu, D. Liu, M. Tetzlaff, and S.J. Elledge. 1999. 
Control of the DNA damage checkpoint by chk1 and rad53 protein kinases 
through distinct mechanisms. Science. 286:1166-71. 
Sapkota, G.P., M. Deak, A. Kieloch, N. Morrice, A.A. Goodarzi, C. Smythe, Y. 
Shiloh, S.P. Lees-Miller, and D.R. Alessi. 2002. Ionizing radiation induces 
ataxia telangiectasia mutated kinase (ATM)-mediated phosphorylation of 
LKB1/STK11 at Thr-366. Biochem J. 368:507-16. 
Searle, J.S., K.L. Schollaert, B.J. Wilkins, and Y. Sanchez. 2004. The DNA damage 
checkpoint and PKA pathways converge on APC substrates and Cdc20 to 
regulate mitotic progression. Nat Cell Biol. 6:138-45. 
Shah, J.V., E. Botvinick, Z. Bonday, F. Furnari, M. Berns, and D.W. Cleveland. 
2004. Dynamics of centromere and kinetochore proteins; implications for 
checkpoint signaling and silencing. Curr Biol. 14:942-52. 
Shannon, K.B., J.C. Canman, and E.D. Salmon. 2002. Mad2 and BubR1 function in a 
single checkpoint pathway that responds to a loss of tension. Mol Biol Cell. 
13:3706-19. 
 124 
Sharp-Baker, H., and R.H. Chen. 2001. Spindle checkpoint protein Bub1 is required 
for kinetochore localization of Mad1, Mad2, Bub3, and CENP-E, 
independently of its kinase activity. J Cell Biol. 153:1239-50. 
Shiloh, Y. 1997. Ataxia-telangiectasia and the Nijmegen breakage syndrome: related 
disorders but genes apart. Annu Rev Genet. 31:635-62. 
Shirayama, M., A. Toth, M. Galova, and K. Nasmyth. 1999. APC(Cdc20) promotes 
exit from mitosis by destroying the anaphase inhibitor Pds1 and cyclin Clb5. 
Nature. 402:203-7. 
Sibon, O.C., A. Kelkar, W. Lemstra, and W.E. Theurkauf. 2000. DNA-
replication/DNA-damage-dependent centrosome inactivation in Drosophila 
embryos. Nat Cell Biol. 2:90-5. 
Sibon, O.C., A. Laurencon, R. Hawley, and W.E. Theurkauf. 1999. The Drosophila 
ATM homologue Mei-41 has an essential checkpoint function at the 
midblastula transition. Curr Biol. 9:302-12. 
Sibon, O.C., V.A. Stevenson, and W.E. Theurkauf. 1997. DNA-replication 
checkpoint control at the Drosophila midblastula transition. Nature. 388:93-7. 
Sigrist, S., H. Jacobs, R. Stratmann, and C.F. Lehner. 1995. Exit from mitosis is 
regulated by Drosophila fizzy and the sequential destruction of cyclins A, B 
and B3. Embo J. 14:4827-38. 
Silva, E., S. Tiong, M. Pedersen, E. Homola, A. Royou, B. Fasulo, G. Siriaco, and 
S.D. Campbell. 2004. ATM is required for telomere maintenance and 
chromosome stability during Drosophila development. Curr Biol. 14:1341-7. 
 125 
Smith, M.M. 2002. Centromeres and variant histones: what, where, when and why? 
Curr Opin Cell Biol. 14:279-85. 
Song, Y.H., G. Mirey, M. Betson, D.A. Haber, and J. Settleman. 2004. The 
Drosophila ATM ortholog, dATM, mediates the response to ionizing radiation 
and to spontaneous DNA damage during development. Curr Biol. 14:1354-9. 
Starr, D.A., B.C. Williams, T.S. Hays, and M.L. Goldberg. 1998. ZW10 helps recruit 
dynactin and dynein to the kinetochore. J Cell Biol. 142:763-74. 
Su, T.T., F. Sprenger, P.J. DiGregorio, S.D. Campbell, and P.H. O'Farrell. 1998. Exit 
from mitosis in Drosophila syncytial embryos requires proteolysis and cyclin 
degradation, and is associated with localized dephosphorylation. Genes Dev. 
12:1495-503. 
Sudakin, V., G.K. Chan, and T.J. Yen. 2001. Checkpoint inhibition of the APC/C in 
HeLa cells is mediated by a complex of BUBR1, BUB3, CDC20, and MAD2. 
J Cell Biol. 154:925-36. 
Takada, S., A. Kelkar, and W.E. Theurkauf. 2003. Drosophila checkpoint kinase 2 
couples centrosome function and spindle assembly to genomic integrity. Cell. 
113:87-99. 
Takada, S., S. Kwak, B.S. Koppetsch, and W.E. Theurkauf. 2007. grp (chk1) 
replication-checkpoint mutations and DNA damage trigger a Chk2-dependent 
block at the Drosophila midblastula transition. Development. 134:1737-44. 
Takai, H., K. Naka, Y. Okada, M. Watanabe, N. Harada, S. Saito, C.W. Anderson, E. 
Appella, M. Nakanishi, H. Suzuki, K. Nagashima, H. Sawa, K. Ikeda, and N. 
 126 
Motoyama. 2002. Chk2-deficient mice exhibit radioresistance and defective 
p53-mediated transcription. Embo J. 21:5195-205. 
Takai, H., K. Tominaga, N. Motoyama, Y.A. Minamishima, H. Nagahama, T. 
Tsukiyama, K. Ikeda, K. Nakayama, M. Nakanishi, and K. Nakayama. 2000. 
Aberrant cell cycle checkpoint function and early embryonic death in Chk1(-/-
) mice. Genes Dev. 14:1439-47. 
Tanaka, M., A. Ueda, H. Kanamori, H. Ideguchi, J. Yang, S. Kitajima, and Y. 
Ishigatsubo. 2002. Cell-cycle-dependent regulation of human aurora A 
transcription is mediated by periodic repression of E4TF1. J Biol Chem. 
277:10719-26. 
Tauchi, H., S. Matsuura, J. Kobayashi, S. Sakamoto, and K. Komatsu. 2002. 
Nijmegen breakage syndrome gene, NBS1, and molecular links to factors for 
genome stability. Oncogene. 21:8967-80. 
Theurkauf, W.E., and M.M. Heck. 1999. Identification and characterization of mitotic 
mutations in Drosophila. Methods Cell Biol. 61:317-46. 
Tsvetkov, L., X. Xu, J. Li, and D.F. Stern. 2003. Polo-like kinase 1 and Chk2 interact 
and co-localize to centrosomes and the midbody. J Biol Chem. 278:8468-75. 
Uhlmann, F., F. Lottspeich, and K. Nasmyth. 1999. Sister-chromatid separation at 
anaphase onset is promoted by cleavage of the cohesin subunit Scc1. Nature. 
400:37-42. 
 127 
Uziel, T., Y. Lerenthal, L. Moyal, Y. Andegeko, L. Mittelman, and Y. Shiloh. 2003. 
Requirement of the MRN complex for ATM activation by DNA damage. 
Embo J. 22:5612-21. 
Vaizel-Ohayon, D., and E.D. Schejter. 1999. Mutations in centrosomin reveal 
requirements for centrosomal function during early Drosophila 
embryogenesis. Curr Biol. 9:889-98. 
Van Hooser, A.A., Ouspenski, II, H.C. Gregson, D.A. Starr, T.J. Yen, M.L. Goldberg, 
K. Yokomori, W.C. Earnshaw, K.F. Sullivan, and B.R. Brinkley. 2001. 
Specification of kinetochore-forming chromatin by the histone H3 variant 
CENP-A. J Cell Sci. 114:3529-42. 
van Vugt, M.A., V.A. Smits, R. Klompmaker, and R.H. Medema. 2001. Inhibition of 
Polo-like kinase-1 by DNA damage occurs in an ATM- or ATR-dependent 
fashion. J Biol Chem. 276:41656-60. 
Vassin, H., J. Vielmetter, and J.A. Campos-Ortega. 1985. Genetic interactions in 
early neurogenesis of Drosophila melanogaster. J Neurogenet. 2:291-308. 
Walworth, N., S. Davey, and D. Beach. 1993. Fission yeast chk1 protein kinase links 
the rad checkpoint pathway to cdc2. Nature. 363:368-71. 
Walworth, N.C., and R. Bernards. 1996. rad-dependent response of the chk1-encoded 
protein kinase at the DNA damage checkpoint. Science. 271:353-6. 
Wang, H., D. Liu, Y. Wang, J. Qin, and S.J. Elledge. 2001. Pds1 phosphorylation in 
response to DNA damage is essential for its DNA damage checkpoint 
function. Genes Dev. 15:1361-72. 
 128 
Waters, J.C., R.H. Chen, A.W. Murray, and E.D. Salmon. 1998. Localization of 
Mad2 to kinetochores depends on microtubule attachment, not tension. J Cell 
Biol. 141:1181-91. 
Weaver, B.A., Z.Q. Bonday, F.R. Putkey, G.J. Kops, A.D. Silk, and D.W. Cleveland. 
2003. Centromere-associated protein-E is essential for the mammalian mitotic 
checkpoint to prevent aneuploidy due to single chromosome loss. J Cell Biol. 
162:551-63. 
Westermann, S., I.M. Cheeseman, S. Anderson, J.R. Yates, 3rd, D.G. Drubin, and G. 
Barnes. 2003. Architecture of the budding yeast kinetochore reveals a 
conserved molecular core. J Cell Biol. 163:215-22. 
Williams, B.C., and M.L. Goldberg. 1994. Determinants of Drosophila zw10 protein 
localization and function. J Cell Sci. 107 ( Pt 4):785-98. 
Williams, B.C., T.L. Karr, J.M. Montgomery, and M.L. Goldberg. 1992. The 
Drosophila l(1)zw10 gene product, required for accurate mitotic chromosome 
segregation, is redistributed at anaphase onset. J Cell Biol. 118:759-73. 
Wolf, F., C. Wandke, N. Isenberg, and S. Geley. 2006. Dose-dependent effects of 
stable cyclin B1 on progression through mitosis in human cells. Embo J. 
25:2802-13. 
Xu, J., S. Xin, and W. Du. 2001. Drosophila Chk2 is required for DNA damage-
mediated cell cycle arrest and apoptosis. FEBS Lett. 508:394-8. 
Yang, S.S., E. Yeh, E.D. Salmon, and K. Bloom. 1997. Identification of a mid-
anaphase checkpoint in budding yeast. J Cell Biol. 136:345-54. 
 129 
Yu, H. 2002. Regulation of APC-Cdc20 by the spindle checkpoint. Curr Opin Cell 
Biol. 14:706-14. 
Yu, H., R.W. King, J.M. Peters, and M.W. Kirschner. 1996. Identification of a novel 
ubiquitin-conjugating enzyme involved in mitotic cyclin degradation. Curr 
Biol. 6:455-66. 
Zhao, Y., and R.H. Chen. 2006. Mps1 phosphorylation by MAP kinase is required for 
kinetochore localization of spindle-checkpoint proteins. Curr Biol. 16:1764-9. 
 
 
